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Jiechen Xu
In this thesis, we construct two QCD based energy loss models to perform quantita-
tive analysis of jet quenching observables in ultra-relativistic nucleus-nucleus collisions at
RHIC and the LHC.
We first build up a perturbative QCD based CUJET2.0 jet flavor tomography model
that couples the dynamical running coupling DGLV opacity series to bulk data constrained
relativistic viscous hydrodynamic backgrounds. It solves the strong heavy quark energy
loss puzzle at RHIC and explains the surprising transparency of the quark-gluon plasma
(QGP) at the LHC. The observed azimuthal anisotropy of hard leading hadrons requires a
path dependent jet-medium coupling in CUJET2.0 that implies physics of nonperturbative
origin.
To explore the nonperturbative chromo-electric and chromo-magnetic structure of the
strongly-coupled QGP through jet probes, we build up a new CUJET3.0 framework that
includes in CUJET2.0 both Polyakov loop suppressed semi-QGP chromo-electric charges
and emergent chromo-magnetic monopoles in the critical transition regime. CUJET3.0
quantitatively describes the anisotropic hadron suppression at RHIC and the LHC. More
significantly, it provides a robust connection between the long wavelength “perfect fluid-
ity” of the QGP and the short distance jet transport in the QGP. This framework paves
the way for “measuring” both perturbative and nonperturbative properties of the QGP,
and more importantly for probing color confinement through jet quenching.
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5.5 (a) Neutral pion (π0, brown) and charge particle (h±, blue)’s RAA(pT >
8GeV) in Au+Au 200 GeV and Pb+Pb 2.76 TeV 20-30% collisions, com-
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(ii)(5.27) αc=0.95, cm=0.4, χ
u
T (dashed) and (iii)(5.28) αc=1.33, cm=0.3,
χuT (dotdashed), compared with corresponding RHIC [149, 272, 273, 294]
and the LHC [107, 152, 274, 292, 293] measurements. The π0 and h±’s
v2(pT > 8 GeV) are plotted in (c). (b) The CUJET3.0 results of D
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(i)(ii)(iii) compared with available data [271, 289, 371]. The D and B’s
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from (i)(ii)(iii) suggest that data on high pT RAA and v2 can impose strin-
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5.6 The temperature dependence of q̂/T 3 for a light quark jet (F) with initial
energy E = (a) 20 GeV, (b) 10 GeV, (c) 2 GeV in the CUJET3.0 frame-
work (Red) with the three schemes: (i) (5.26) (solid), (ii) (5.27) (dashed),
and (iii) (5.28) (dotdashed). The CUJET2.0 q̂F/T
3 with (αmax, fE, fM) =
(0.39, 1, 0) (Blue) and the N = 4 SYM q̂SYM/T 3 [281] with ’t Hooft cou-
pling λ = 4π (Black) are plotted for comparisons. The insets show the
corresponding absolute q̂F . Note that (ii) and (iii)’s q̂ are similar, and
both are smaller than (i)’s. (d) The η/s estimated in the kinetic theory
using the q̂ extrapolation Eq. (5.33) in CUJET3.0 with scheme (i) (solid)
(ii) (dashed) (iii) (dotdashed), for quasi-parton type q (quark, red), g
(gluon, green), and m (monopole, blue). The total η/s is plotted with
black curves. The inset shows the number density fraction of q, g, m in
the liberation scheme χLT and χ
u
T . Note that in the near Tc regime, in
the χuT scheme, the total η/s is dominated by q, while in the χ
L
T “slow”
quark liberation scheme the total η/s is dominated by m. In addition,
there is a clear η/s ∼ 0.12 minimum at T ∼ 210 MeV in (ii) and (iii)
which utilize the same χuT “fast” quark liberation scheme. This (η/s)min
is larger and phenomenologically more favorable than that in the “slow”
quark liberation scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
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5.7 (a) The temperature dependence of the dimensionless jet transport co-
efficient q̂/T 3 for a light quark jet with initial energy E = 10 GeV
in the CUJET3.0 framework (Red) with scheme: (i) (5.26) (solid), (ii)
(5.27) (dashed), and (iii) (5.28) (dotdashed), compared with correspond-
ing q̂′ (Green) as defined in Eq. (5.36). The CUJET2.0 q̂F/T
3 with








λ [281] with ’t Hooft coupling λ ∈ [π, 4π] (Black shaded) are
plotted as references. (b) The shear viscosity to entropy density ratio η/s
estimated in the kinetic theory using extrapolation Eq. (5.33) from q̂’s
in (a). Note that there is a clear η/s minimum at T ∼ 210 MeV in the
CUJET3.0 framework regardless of the schemes been chosen. The cor-
responding (η/s)′ (determined from q̂′) converges to the pQCD weakly-
coupled QGP limit at high temperature in (i)(ii)(iii) as expected. The
(η/s)min in the fast liberation schemes always sits above the quantum
bound while in the Polyakov liberation it does not. In the near Tc regime
within the fast liberation schemes, the relative magnitude of η/s’s does
not follow the naive inverse of the quark q̂F ’s. This is because the com-
putation of the (η/s)′ receives enhanced contributions from softer scales
that have stronger electric couplings, and consequently suppressing the
transverse mean free path. . . . . . . . . . . . . . . . . . . . . . . . . . 207
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5.8 (a) The effective ideal quasiparticle density, ρ/T 3 = ξpP/T
4, in the Pres-
sure Scheme (PS, Blue) is compared with effective density, ρ/T 3 = ξpS/4T
3,
in the Entropy Scheme (ES, Red) based on fits to lattice data from
HotQCD Collaboration [44]. The difference is due to an interaction “bag”
pressure −B(T )/T 4 (Green) that encodes the QCD conformal anomaly
ε− 3p 6= 0. (b) The density fraction of the electric (E, red) and magnetic
(M, blue) degrees of freedom in the χLT (solid, Eq. (5.11)) and χ
u
T (dashed,
Eq. (5.25)) liberation scheme. The dimensionless E and M density ρ/T 3
in the two schemes are shown in (c)χLT and (d)χ
u
T respectively, where both
the ρ/T 3 in the PS (solid) and ES (dashed) are plotted. In both liberation
schemes, the ρm in the ES near Tc is around twice the ρm in the PS. . . 210
5.9 In the CUJET3.0 model with Entropy Scheme (ES) and χLT liberation,
the αc and cm is adjusted to 0.6 and 0.33 to fit to the reference datum at
the LHC Rh
±
AA(pT = 12.5GeV) ≈ 0.3 as well as the lattice µM ([275], c.f.
Fig. 5.1(b)). With this parameter setup, the π0/h±’s high pT RAA and v2
at RHIC Au+Au 200GeV and the LHC Pb+Pb 2.76TeV 20-30% collisions
are in perfect agreements with data [107, 149, 152, 272–274, 292–294]. The
result of prompt D meson, B meson, and heavy flavor decay e− results in
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5.10 (a) The q̂(T ) for a quark jet with initial energy E = 2 GeV (dotdashed),
10 GeV (solid), 50 GeV (dashed) computed according to Eq. (5.29) in the
Pressure scheme, for CUJET3.0 (red), CUJET2.0 (blue) and N = 4 SYM
(black). The dimensionless q̂(T )/T 3 is plotted in (c). (b)(d) The coun-
terpart of (a)(c) in the Entropy scheme. Note that (αc, cm) in CUJET3.0
and (αmax, fE, fM) in CUJET2.0 has been readjusted to (0.6, 0.33) and
(0.35, 1, 0) respectively fit to the LHC reference datum (cf. Fig. 5.5). The
q̂ in the ES near Tc is ∼ 50% larger than in the PS due to the “bag”
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5.11 (a) The η/s in CUJET2.0 for quasi-quarks (q, red), quasi-gluons (g,
green), and its total value (black) computed from inverting the q̂/T 3 ac-
cording to Eq. (5.33). The solid lines correspond to the PS scheme, while
the dashed lines correspond to the ES scheme. (b) The counterpart of
(a) in CUJET3.0. Note that the addition of the monopole (m, blue)
like quasi-particle degrees of freedom in sQGMP does not alter the overall
η/s significantly since the strong magnetic coupling shrinks the transverse
mean free path for monopoles and suppresses the shear viscosity contri-
butions from monopoles. Since the sQGMP is dominated by monopole
degrees of freedom near Tc, the total η/s in the PS and ES scheme then
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5.12 Upper: The radiative energy loss ratio ∆E/E of a light quark jet (M =
200 MeV) with initial energy E = 20 GeV propagating through a brick
plasma with various thicknesses L at temperature T = (a) 450, (b) 300,
(c) 200, (d) 160 MeV, in the CUJET3.0 αc = 0.95, cm = 0.3, χ
L
T model
(red) and in the CUJET2.0 αmax = 0.39, fE = 1, fE = 0 model (blue). As
temperature decreases, CUJET3.0’s ∆E/E(L) and the stopping distance
L1 (defined in Eq. (5.46)) respectively gets steeper and larger compared
with CUJET2.0’s. At low and intermediate T, (∆E/E)v3.0 < (∆E/E)v2.0
in the small L regime. Lower: The path length L dependence of the
power b in Eq. (5.43) at different temperatures. Note that b = 0, 1,
2 is approximately the elastic, pQCD and AdS limit respectively. At
high temperature T ∼ 400 MeV, the b(L) of CUJET3.0 and CUJET2.0
converge to around the pQCD limit. As temperature cools down, when
T ∼ 300 MeV, CUJET3.0’s b(L) start becoming larger than CUJET2.0’s.
This signals the transition from E to M dominant as well as from weak
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5.13 The radiative energy loss ratio ∆E/E and the power b (c.f. Eq. (5.43))
of a heavy quark jet (M = 4.75 GeV) with initial energy E = 20 GeV
traversing a brick plasma with thickness L at various temperatures in CU-
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same as in Fig. 5.12. Note that the heavy quark’s d(∆E/E)/dL and b(L)
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former’s ∆E/E(L) gets steeper than the latter’s, while L1 (c.f. Eq. (5.46))
gets shorter. All these alternations for the heavy quark jet quenching are
similar to those for the light quark, and the magnitude of the b(L) devia-
tion for the two different flavors are almost identical. This suggests that
the nonperturbative effects in the near-Tc sQGMP modify the energy loss
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5.14 Charged particles’ (a) RAA and (b) v2 in the LHC Pb+Pb
√
sNN=2.76TeV
semi-peripheral collisions, computed from CUJET2.0 HTL fE = 1, fM = 0
(purple) and CUJET3.0 cm = 0.3 (red) with relativistic flow corrections
(1) Γ = γf (1 − ~βj · ~βf ) (solid) [234, 235]; (2) Γ = 1 − ~βj · ~βf (dashed);
(3) Γ = 1 (dotdashed) to the energy loss kernel, compared with relevant
data [107, 152, 274, 292, 293] (blue). The parameters αmax (v2.0) and
αc (v3.0) are adjusted to fit to the R
h±
AA(pT = 12.5GeV) ≈ 0.3 reference
datum. Note that both RAA and v2 do not distinguish the different flow
corrections at a measurable level. This can be partially understood as the
number of parton-medium scatterings is fixed for a given jet path in any
frame once the initial production coordinate and azimuthal propagation
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5.15 (a) The running strong coupling αs(Q
2) in four different models, [αc/αmax]+
[QGMP/HTL]. Notice that αmax (dashed) and αc (solid) is parametrized
as in Eq. (3.9) and Eq. (5.19) respectively. Note in the CUJET3.0 en-
ergy loss kernel, i.e. Eq. (5.18) [QGMP], both chromo-electric (red) and
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kernel, i.e. Eq. (3.8) [HTL], only the electric coupling (green) is present.
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temperature varies in the four models, compared with lattice data (E, red;
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0 (green, Eq. (3.8)) and CUJET3.0 [QGMP] cm = 0.3 (red, Eq. (5.18))
with the [αmax] (dashed, Eq. (3.9)) and [αc] (solid, Eq. (5.19)) running
coupling scheme, compared with available data [107, 152, 274, 292, 293]
(blue). The parameter αmax and αc are adjusted to fit to the R
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AA(pT =
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Outline
In Chapter 1, we first present a general introduction to the fundamental theory of Quan-
tum Chromodynamics (QCD) in Section 1.1. Following that, we show how one can
explore the QCD phase diagram with ultra-relativistic nucleus-nucleus collisions at the
Brookhaven National Laboratory (BNL) Relativistic Heavy Ion Collider (RHIC) and the
European Organization for Nuclear Research (CERN) Large Hadron Collider (LHC) in
Section 1.2. We will illustrate signatures for the formation of a new state of matter –
Quark-Gluon Plasma (QGP) – under the extremely hot/dense conditions in such reac-
tions, and introduce the jet quenching phenomenon and key observables of our interests.
In Chapter 2, we review two fundamental energy loss mechanism for jet quenching
in the QGP – collisional (Section 2.1) and radiative (Section 2.2). The former is easy
to calculate while the latter requires detailed modeling. Within the radiative sector, we
focus specially on the DGLV opacity expansion theory and its developments (Section
2.3), including: (1) multiple gluon emission, (2) multiple scatterings, (3) energy loss
and geometry fluctuations, (4) dynamical medium effects, and (5) running of the QCD
coupling constant.
In Chapter 3, we construct the perturbative QCD (pQCD) based CUJET2.0 jet en-
ergy loss model from the dynamical running coupling DGLV opacity series coupled with
long distance hadron spectra and bulk flow data constrained relativistic viscous hydrody-
namical backgrounds (Section 3.1). Within this model, it is found that the suppression
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of heavy flavor decay electrons can be well-described (Section 3.2.1), the jet opacity’s
dependence on medium density is data-compatible (Section 3.2.2), and the average jet
transverse momentum transfer per unit length in the QGP is determined to a remarkable
precision when combined with four other pQCD models in the US Department of Energy
Topical JET Collaboration (Section 3.3). However, in this model we find a “high pT
v2 puzzle” that can only be explained by introducing path dependent coupling strength
(Section 3.4). The solution implies that physics of nonperturbative QCD origin plays an
important role in jet quenching studies.
In Chapter 4, we explore possible non-perturbative descriptions of the strongly-coupled
QGP (sQGP) in the critical confinement/deconfinement transition region. We particularly
focus on the magnetic scenario of sQGP because this framework naturally gives rise to an
enhanced jet-medium coupling in the critical regime that is required by the large azimuthal
anisotropy data (Section 4.1). We will explore the foundations of this scenario, and study
how the particle-monopoles will emerge and influence the properties of the QGP in the
regime near the critical transition temperature Tc, based on quantitative evidences from
lattice QCD calculations (Section 4.2, 4.3 and ??). We see however in the presence of
non-zero Polyakov loop this scenario missed the “semi-QGP” suppression of color electric
degrees of freedom (Section 4.4). Therefore more quantitative considerations regarding
both electric and magnetic sector in the near Tc regime are necessary.
In Chapter 5, we explore the full nonperturbative chromo-electric and chromo-magnetic
structure of the near-critical QGP, as well as the solution to the “high pT v2 puzzle” and
the reconciliation of the discrepancy between the long wavelength “perfect fluidity” of the
QGP and the short distance jet quenching in the QGP (Section 5.1.1). We first build up
a microscopic semi-Quark-Gluon-Monopole Plasma (sQGMP) model that has Polyakov
loop suppressed semi-QGP chromo-electric charges (Section 5.1.2) and emergent chromo-
magnetic monopoles (Section 5.1.3) in the critical transition region, then implement it
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into a new jet quenching framework CUJET3.0 (Section 5.1.4) that has a CUJET2.0
perturbative energy loss kernel upgraded with nonperturbative features. We show that
CUJET3.0 can explain light hadrons’ and open heavy flavors’ nuclear modification factors
and azimuthal anisotropies at RHIC and the LHC simultaneously, and more importantly,
it builds up for the first time among all jet quenching models a quantitative connection
between the long distance bulk shear viscous transport properties and the short distance
jet transport coefficient q̂ at all temperatures above Tc (Section 5.2).
In order to apply CUJET3.0 to do robust quantitative analysis of both perturbative
and nonperturbative properties of the QGP, key theoretical uncertainties originated from
different interpretations of the lattice QCD data on the color electric and magnetic com-
ponents of the near-critical QGP are systematically studied (Section 5.3 and 5.5). The
path length dependence of jet energy loss in sQGMP for both light and heavy flavor are
also extracted. (Section 5.4).
In Chapter 6, we will utilize the CUJET3.0 framework to compute more jet quenching
observables that are being or will be measured at RHIC and the LHC. In particular, we
will show results from CUJET3.0 on the centrality dependence of RAA and Rcp for prompt
D mesons (Section 6.1), a systematic analysis of the suppression of open heavy flavors and
heavy flavor decay electrons in A+A collisions (Section 6.2), and possible jet quenching
effects in proton-nucleus collisions (Section 6.3 and 6.4).




We start with a brief overview of Quantum Chromodynamics (QCD) in Section 1.1, and
discuss both the perturbative and nonperturbative aspects of strong force. We will see the
underlying symmetry breaking/restoration leads hadronic matter to have a deconfinement
transition to a Quark-Gluon Plasma (QGP) phase at extremely hot/dense condition.
The QGP is a primordial phase of matter a microsecond after the Big Bang, and it
now has been recreated in high-energy nuclear collisions at the BNL Relativistic Heavy-
Ion Collider (RHIC) and the CERN Large Hadron Collider (LHC). In Section 1.2, we
focus on the thermalization, evolution and hadronization of QGP in heavy-ion collisions.
Specifically, its collective behavior and impacts on high energy jets will be considered.
Finally, we introduce the nuclear modification factor and azimuthal anisotropy, the main
set of observables of our interests.
1.1 Quantum chromodynamics
The strong nuclear force in nature is described in the Standard Model (SM) by Quantum
Chromodynamics (QCD). The history of this theory dated from 1960s – motivated by
4
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the successful classification of subatomic baryons and mesons through the eightfold way
by Gell-Mann and Ne’eman [1] and the discovery of Ω− hyperon [2], Gell-Mann, Zweig,
Han, Nambu, and Fritzsch, postulated that hadrons may be made of quarks and gluons
[3–6]. These hypotheses were thereafter validated by the deep inelastic scattering (DIS)
experiment at SLAC [7, 8] and the three jet events at PETRA [9]. Subsequent observations
of the running coupling, vector boson production [10] and Bjorken scaling violation [11],
furthermore established QCD as the fundamental theory of strong interactions.
Formally, QCD is a non-Abelian SU(Nc = 3) gauge theory, consists of Nf = 6 spin-1/2
fermions (quarks) in the fundamental and N2c −1 = 8 spin-1 gauge bosons (gluons) in the











where the quark flavor f = u (up), d (down), s (strange), c (charm), b (bottom), t (top).




(Dµ)αβ ≡ ∂µδαβ + ig(Ta)αβAaµ
(mf )αβ ≡ mfδαβ
F aµν = ∂µA
a
ν − ∂νAaµ − gfabcAbµAcν .
(1.2)
The gauge coupling strength is governed by the coupling constant g. Quark fields qα=1,2,3f
are in the SU(3) triplet while gluon fields Aa=1,··· ,8µ are in octet. In the fundamental
representation of SU(3), the group generators Ta’s are represented by traceless hermitian
3× 3 matrices that satisfy the relation




1 are the structure constants and are antisymmetric in all indices. Unlike Abelian
Quantum Electrodynamics (QED), the intrinsic non-abelian nature of QCD leads to a
self-coupling term of gauge bosons, i.e. three-gluon vertex, that results in rich QCD
phenomenology.
1.1.1 Asymptotic freedom
Because of gluon self-interactions, the renormalization of QCD is drastically different from
QED. For a non-Abelian theory with gauge group G = SU(Nc) and Nf Dirac fermions
in the “R” representation of G, the one-loop beta function was independently calculated















Here C2(G) is the quardratic Casimir of G, and C2(G) = Nc for adjoint gauge gluons.
C(R) is an Casimir invariant that satisfies Tr(T aRT
b
R) = C(R)δ
ab, and C(R) = 1/2 for


















1Note that the rules to raise or lower the a, b, c indices are trivial (+, · · · ,+) so that fabc = fabc.
On the other hand, for Lorentz µ, ν indices, one transforms according to the metric signature, for what
Minkovski (+,−,−,−) is used throughout this thesis.
2With indelible contributions from Sidney Coleman and Erick Weinberg.
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Figure 1.1: Summary of measurements of αs as a function of the respective energy scale
Q from [16]. The strong coupling strength clearly goes down as the momentum transfer
increases.
One sees that after the inclusion of quantum corrections, αs will “run” in such a way
that its strength decreases as one increases the energy scale Q2 (or decreases the length
scale). This is the famous phenomenon of asymptotic freedom, it is a direct outcome
of the renormalization group equation for QCD. Fig. 1.1 shows a recent summary of αs
from the Particle Data Group (PDG) based on relevant experimental measurements. The
mass scale ΛQCD, which is experimentally fixed to ∼ 200 MeV, sets a parameter used to
determine the validity of the perturbative expansion.
For various processes at high energy, or more precisely, high momentum transfers
Q2  Λ2QCD, also known as “hard” processes, the theory is asymptotically free and
the quarks are treated as a weakly-coupled gas, one may use the standard perturbation
7
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theory to calculate the corresponding scattering amplitudes. This has given rise to the
phenomenologically very successful method of perturbative QCD (pQCD), that has been
applied to make predictions of observables in a wide range of high energy experiments. A
side note is that when Q2 is extremely large, both the coupling αs and the beta function
of QCD vanish, the theory reaches a ultraviolet fixed point and QCD becomes conformal.
On the other hand, at low energies (long distances), the coupling becomes extremely
large, and QCD is strongly coupled, i.e. non-perturbative. In this case perturbation
theory is no longer applicable. Therefore, one needs to use different approaches apart from
pQCD to calculate low Q2 or “soft” processes. Among them are the Nambu-Jona-Lasinio
(NJL) model [17–19], Chiral perturbation theory [20–22], QCD sum rules [23, 24], Lattice
QCD [25], and the AdS/CFT correspondence [26–30]. As we will see in later chapters,
the non-perturbative aspects of QCD in fact play an unexpected role in maintaining
the consistency between theory predictions and experimental observables within a broad
energy range, and it is critical to include their contributions in various phenomenological
models.
1.1.2 Color confinement/deconfinement
The biggest mystery of QCD is color confinement, the phenomenon that color charged
particles (quarks and gluons) cannot be isolated singularly, they are confined in hadrons
instead, and therefore cannot be directly observed. There exists no analytic proof that
QCD should be confining. However phenomenologically, the “string-breaking” model has
received significant recognition in explaining the nature of confinement. It is rooted in
postulating quarks being bounded by color flux tubes [31]. Drawing an analogy with the
ground state of a superconductor that consists of a condensate of Cooper pairs, due to
translation invariance, one expects that a quark anti-quark pair (qq̄) in such a medium
8
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will have strongly localized color electric flux lines connecting them, resembling a tube-
like region with a constant energy density of gluon fields. Thus the qq̄ potential at long
distances should depend linearly on the separation r between the pair, i.e.
V (r)→ σr , (1.7)
where σ is the so-called string tension, σ ∼ 1 GeV/fm. When one keeps pulling the string,
in order to minimize the free energy, at some point it will become more favorable for the
string to break and another qq̄ pair spontaneously appears. As a result, hadronization (or
fragmentation) occurs.
While the qq̄ potential has the string form (1.7) at large distances, at small distances it




+ σr . (1.8)
At one-loop order, a = 4αs/3. These effective potentials can be extracted from the
Wilson loop that measures the spacetime path traced out by a qq̄ pair created at one










= TrR [Hol(A,C)] , (1.9)
where P is the path ordering operator, R is the representation of gauge fields A in the
Yang-Mills theory, Hol is the holonomy. If one takes C to be the oriented boundary of a
rectangular r × t area in spacetime, for t  r, the vacuum expectation value of (1.9) is
dominated by the ground state, and this value determines the interaction energy V (r) of
static quarks:
〈WR(r, t)〉 → exp {−V (r)t} . (1.10)
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At short distances, one can use the perturbative approaches to evaluate 〈WR(r, t)〉, while
at long distances (1.10) it can be computed on the lattice (see Section 1.1.4). In the
confining phase, 〈WR(r, t)〉 displays an area law, suggests a linear qq̄ potential.
Bag model
To grasp the different behavior of QCD in the confined phase and in the asymptotically
free regime, one can look at the MIT bag model developed in 1970s [32–34]. It provides a
simple picture incorporating both. This model consists of hadrons that are finite “bags” of
perturbative vacuum, inside them massless quarks and gluons are free due to asymptotic
freedom. Confinement is accomplished in a Lorentz-invariant way by assuming that the
bag possesses a constant positive energy density B – the bag constant. Physically, B
should be equal to the energy density of the QCD vacuum at zero temperature, B = −εvac.
In the simplest picture, the mass of a hadron is the sum of the energy associated with
the creation of the finite-volume perturbative bag in a non-perturbative vacuum and the
kinetic energy of quarks inside the bag. Assuming that the bag is a sphere with radius
rB and that the kinetic energy is proportional to ∼ 1/rB coming from the uncertainty








where A is some constant. Fitting the mass of light hadrons fixes the bag constant to
the empirical value B1/4 ∼ 145 MeV [33], however, the difference between the vacuum
and QCD ground energy is constrained by other models and renders a larger value for B,
B1/4 ∼ 250 MeV, see e.g. [35].
In the hadronic phase, assuming massless quarks, the dominant excitations are mass-
less pions. This phase is characterized by the spontaneous breaking of chiral symmetry
10
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and the appearance of dπ = (2
2−1) = 3 Goldstone bosons (massless pions). The pressure,










At high temperature T  ΛQCD, the system is asymptotically free and treated as a
non interacting gas of quarks and gluons, its thermodynamic properties are governed by








T 4 +B ,
(1.13)
where the degeneracies
dq+g = dg +
7
8
dq = 16 + 10.5Nf ,
dg = 2helicity × (32color − 1) = 16 ,
dq = 2spin × 2q,q̄ × 3color ×Nf = 12Nf .
(1.14)
Note that it is straightforward to get the entropy density via s = (p + ε)/T 4. At low
temperature, the bag constant makes pπ > pq+g and the hadronic state wins out; at high
temperature, a large number of color degrees of freedom (dq+g = 37 for Nf = 2) are
3It is obvious that for a hot relativistic (T  m) or massless (m = 0) gas of parton species i,





eβEi±1 = (1−, 3/4+)ζ(3)T
3/π2, where





eβEi±1 = (1−, 7/8+)π
2T 4/30.
4There is another assumption here, that T  ΛQCD guarantees that the baryon chemical potential is
much less than T.
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Plugging in Nf = 2 and B
1/4 = 250 MeV, one gets Tc ∼ 180 MeV. One can also estimate
the critical energy density required to realize a “plasma” of quarks and gluons, εc =
εq+g(Tc) ∼ 4.25B ∼ 2.08 GeV/fm3,5 which is an order of magnitude larger than επ(Tc) ∼
0.13 GeV/fm3.
Deconfinement and Debye screening
Another interesting unsolved question is how exactly the transition from a confined phase
to a deconfined one happens. Generally speaking, one may compress the baryonic matter
while fixing the temperature until a critical density is achieved and the QCD matter dis-
solves into a deconfined state of quarks and gluons. This is the case for compact neutron
stars. Alternatively, one can “heat up” the QCD vacuum, above some critical temper-
ature, thermal excitations may overlap, a dense but baryon-neutral system is obtained,
and it is referred to as a deconfined plasma of quarks and gluons. This plasma is recreated
in ultrarelativistic heavy-ion collisions which will be discussed in Section 1.2.
There is a useful concept – Debye screening – in understanding the general behavior
of dense system of charged particles. Take a QED plasma for example, the electric field
induced by a point-like electric charge will polarize the medium, and effectively screens
the charge itself. Similarly in a QCD plasma, color charges will be screened, this leads to
an effective reduction in the range of the strong force.
The screening length λD(T ) is inversely proportional to the density of the plasma, and
the Debye mass is defined via µD = 1/λD. The screening effectively shortens the range of
5Plugging in Nf = 3 and B
















The damping of the binding force wipes out all long-range interactions among color
charges. At sufficiently high temperatures, this mechanism is responsible for the melting
of heavy hadrons [36].
1.1.3 Chiral symmetry breaking
The QCD Lagrangian possesses more symmetries than local SU(3) gauge invariance. For
instance, take mu = md ≈ 0 and neglect heavier flavors, the theory is invariant under




(1 ± γ5)q independently and make no difference to the Lagrangian. In general,
in the presence of Nf light flavors, the QCD Lagrangian has a global U(Nf )L × (Nf )R
symmetry that can be decomposed into SU(Nf )L × SU(Nf )R × U(1)V × U(1)A. For
Nf = 2, i.e. u and d, this is called chiral symmetry; for Nf = 3, i.e. u, d, and s,
this is called flavor-chiral symmetry. Single vector U(1)V rotates qL,R by the same angle,
this symmetry corresponds to baryon number conservation. Axial U(1)A rotates qL,R by
opposite angles, it is explicitly violated due to a quantum anomaly, i.e. ∂µj5µ 6= 0.
Chiral symmetry is spontaneously broken in the ground state of QCD. This mechanism
is responsible for generating 99% mass of nucleons (hence the bulk of all visible matter)
out of very light quarks. In the non-perturbative QCD vacuum there is a non-vanishing
chiral condensate 〈q̄q〉, it breaks SU(2)L × SU(2)R → SU(2)V isospin symmetry. This
spontaneous symmetry breaking (SSB) also involves the generation of 22−1 = 3 massless
Goldstone bosons (pions). In addition to SSB, the chiral symmetry is explicitly broken
13
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by finite quark masses, which gives mass to the pions:




Since the mass of the pions is mπ ∼ 140 MeV and mu,d ∼ a few MeV, most of the pion
mass in fact comes from chiral symmetry breaking. If mu = md = 0, one would still have
〈q̄q〉 6= 0, but the pions now become true massless Goldstone bosons6.
To identify the transition between the chiral symmetry broken phase at low temper-
ature and the chiral symmetry restored phase at high temperature, notice that the mass
term in the QCD Lagrangian hence the corresponding operator qq̄ = (qRq̄L + qLq̄R) is
not invariant under chiral rotation, one can take the chiral condensate 〈qq̄〉 as the order
parameter of chiral symmetry breaking or restoration 7:
〈qq̄〉 6= 0 : hadron gas
〈qq̄〉 = 0 : quark–gluon plasma .
As the temperature increases, the 〈qq̄〉 condensate is dissociated by thermal fluctuations,
and a ‘plasma’ of quarks and gluons forms and evolves at very high temperature to an
asymptotically free gas. Simulations with mu = md = ms = 0 show chiral symmetry
restores at Tchiral ∼ 150 MeV [42]. Taking into account the physical masses, latest lattice
QCD simulations show that Tchiral ∼ 145− 163 MeV [44].
Masses of u, d, s quarks significantly influence the chiral phase transition point and
6Motivated by the BCS theory of superconductivity [37], Nambu [38] and Nambu and Jona-Lasinio
[17, 18] first postulated that chiral symmetry is spontaneously broken as a dynamical effect. According
to the Goldstone theorem [39], a massless boson appears for every symmetry violated by the vacuum.
In the case of SU(2)L × SU(2)R → SU(2)V , the SU(2) axial symmetry is spontaneously broken, three
“conserved charges” are generated, and the Goldstone bosons are identified with three massless pions.
More details on SSB can be found in [40] or [41], where an approach based on the Nambu-Jona-Lasinio
(NJL) model is outlined.
7As T increases, phase transitions responsible for (1) deconfinement and (2) chiral symmetry restora-
tion occur. Whether or not the two are intercorrelated remains an open question [42, 43].
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its order, as shown in Fig. 1.2. For three massless quarks, the transformation cannot be
Figure 1.2: “Columbia plot” [45]: a schematic phase transition behavior of Nf = 2 + 1
QCD as quark masses (mu,d,s) vary at zero baryochemical potential. Two critical lines
separate the regions of first-order transitions from the crossover region in the middle that
encloses the physical point.
second order [46], and the system must then experience a first order chiral restoration
transition. For two massless quarks, instead, the transition can be either first or second
order, depending on the particular value of the strange quark mass. Finally, when all
quarks acquire finite mass, the second order transition is replaced by a crossover.
1.1.4 Lattice formulations of QCD
The phase structure of quark matter is one of the most fundamental questions of QCD.
The non-perturbative nature of the SU(3) gauge theory leads to many aspects of it yet
to be understood. A variety of first-principle or energy effective theory studies have been
performed to fully understand the QCD phase transition in the continuum limit. Besides
15
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these continuum approaches, there is a powerful tool in discretized spacetime – lattice
QCD.
Lattice QCD is constructed from Feynman path-integral approach, it is first proposed
by Wilson in 1974 [25], and is now a standard ab initio approach to study non-perturbative
phenomena associated with strong interactions. In this section, we present a brief sum-
mary of the main results of the theory. Comprehensive reviews on lattice QCD are widely
available, e.g. [47].
To discretize the QCD Lagrangian Eq. (1.1) on the lattice8, one must replace the
partial derivatives with finite differences and the action becomes non-local. In the lattice
action, to preserve gauge invariance, the gauge field is described by link variables of SU(3)
matrices that connects the fermion fields sitting on lattice sites. The relation between the
link variables Uµ(x) (Wilson lines) and the continuum field Aµ(x) is given by









Denote by a the lattice spacing and µ̂ one of the 4 unit four-vectors along the 4 possible
directions on lattice, when a is small, Uµ̂(x) = e
igaAµ(x). It is straightforward to prove that
the sandwiched two-point function (quark bilinear) q̄(x)Uµ(x)q(x+µ) and the Wilson loop








is manifestly invariant under local SU(3)
gauge transformations. And they constitute the fundamental building blocks for the quark
(Sq) and gluon (Sg) action respectively.
For Sg, think of the simplest Wilson loop W
1×1
µν , an elementary 1 × 1 plaquette that
is given by





8In Euclidean space. A Wick rotation t→ −iτ connects it to Minkowski space.
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Expand about x+ (µ̂+ ν̂)/2, suppress the color indices, one gets





µν +O(a6) + · · · . (1.20)
Note the above µ, ν indices are uncontracted. After proper reorderings and summations,
to lowest order in a, the gauge action reads





















d4xF 2 . (1.21)
This is the famous Wilson action [25]. However, the above is not the unique discretization
scheme for the gauge action, and it has been found in several studies [48] that lattice
calculations with the Wilson gauge action deviate appreciably from the continuum theory.
Improvements can be made by adding planar 1 × 2 rectangular plaquettes W 1×2µν (x)9,
forming the Iwasaki gauge action [49]:


















Re Tr W 1×2µν ) . (1.22)
Note that c0 = 1 − 8c1 is imposed to ensure a correct continuum limit. Iwasaki uses
c1 = −0.331. The improved action has better rotational and chiral symmetry properties,
and is widely adopted by most lattice calculations in studying QCD thermodynamics.
For quarks, simple discretization of the continuum fermion action induces the ”fermion










(γµδx+µ̂,y − γµδx−µ̂,y) +mδx,y
)
q(y) . (1.23)
Take a hypercube of extent N in all directions, in the continuum a → 0 (N → ∞), the






























When the continuum limit is taken, the propagator receives a proper contribution from
pµ ≈ 0 in the origin. However, it also receives contributions from the boundary of B
where pµ ≈ ±π/a. Thus the naive fermion action in fact represents 24 = 16 degenerate
fermion species instead of one.
To maintain good chiral symmetry and avoid the fermion doubling problem, the most
commonly used method is the “Domain Wall Fermions” (DWF) proposed by Kaplan





ψ̄(x, s)DDWF (x, s;x′, s′)ψ(x′, s′) . (1.25)
Where the domain wall Dirac operator is given by
DDWF (x, s;x′, s′) = (δx,x′ +D
W (x, x′))δs,s′ −m(s)PRδs,s′+1 −m(s+ 1)PLδs,s′−1 . (1.26)
The PR,L = (1± γ5)/2 is the right (left) handed projection operator. The 4D quark field
q, q̄ is constructed from 5D DWF field ψ, ψ̄ via q(x) = PLψ(x, 0) + PRψ(x, Ls − 1) and
q̄(x) = ψ̄(x, Ls − 1)PL + ψ̄(x, 0)PR. The m(s) = −mf for s = 0 and m(s) = 1 otherwise.
DW is the Wilson Dirac operator with a special mass M5, defined as










Note that DWF has Ls doublers, among them Ls − 1 flavors are at the order of the UV
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φ†(x, s)DDWF (x, s;x′, s′;mf = 1)φ(x
′, s′) (1.28)
to the DWF action.
In most lattice QCD calculations, the sum of Eq. (1.22),(1.25),(1.28) is adopted as
the action. It is then quantized using the Feynman path-integral method. The resulting
partition function is given by an integral over pure gauge configurations,
Z =
∫
DU Dq̄ Dq e−Sg [U ]−Sq [q̄,q,U ] =
∫
DU detM e−Sg(U) , (1.29)
with DU the Haar measure and detM a determinant that contains all the fermionic
contributions. A “quenched” approximation is frequently used to simplify numerical in-
tegrations, under which detM = const and vacuum polarization effects are neglected.
However even then the computational expense looks formidable: the total number of
gluon integrations
∫
DU , is already significant for moderately sized lattices. The solution
to this is using Monte Carlo methods. Details on some of the algorithms used can be
found in [52] and [53].
At finite temperature, the partition function of a system is given by Z = Tr e−H/T
where H is an appropriate Hamiltonian that has a corresponding Lagrangian density
L. Going to the action formulation, Z can be recast as a functional integral over a finite
Euclidean time interval 1/T with periodic (anti-periodic) boundary conditions for bosonic





d3xL. The lattice in this
case has Nt points in the time direction that satisfy T
−1 = Nta, and Ns points in other
spatial directions. In particular, boundaries conditions for the gauge link and fermion




Uµ(x, τE +Nta) = Uµ(x, τE) , q(x, τE +Nta) = −q(x, τE) . (1.30)
The thermodynamic limit corresponds to Ns →∞ with Nt fixed. Practically Ns is always
finite, and this limit is approximated by keeping Ns  Nt. On the other hand Nt ≥ Ns
approximates the zero temperature field theory. Thermodynamic quantities are obtained
by taking derivatives of the logarithm of the partition function as in the continuum.
Applying numerical methods, one can then compute thermodynamic variables such
as pressure p(T ), energy density ε(T ), entropy density s(T ), and study the equation of
state of the system near the critical point Tc. Results from a recent computation by the
Figure 1.3: Equation of state for Nf = 2 + 1 QCD from the hotQCD collaboration [44].
The error bands indicate uncertainties from statistical and systematic errors. The horizon-
tal line at 95π2/60 in the right panel corresponds to the ideal gas (Stefan-Boltzmann) limit
for the energy density and the vertical band marks the crossover region with Tc = 154± 9
MeV.
hotQCD collaboration [44] are shown in Fig. 1.3. The rapid increase of the energy density
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near the critical temperature is evidence of a phase transition where the system develops
a large number of new degrees of freedom. On the other hand, the pressure increases
rather slowly and indicates a sudden decrease of the speed of sound c2s = ∂p/∂ε in a
narrow region near Tc as shown in Fig. 1.4. The resutls shown are with physical quark
Figure 1.4: The speed of sound squared from lattice QCD and the HRG model versus
temperature (left) and energy density (right) for Nf = 2 + 1 QCD from the hotQCD
collaboration [44].The vertical band marks the location of the crossover region Tc = 154±9
MeV and the corresponding range in energy density, εc = 0.18− 0.5 GeV/fm3.
masses, for the massless limit, the critical temperature for different Nf can be extracted
as Tc(Nf = 0, 2, 3) = 273, 175, 155 MeV [48].
1.1.5 QCD phase diagram
It is difficult to perform lattice calculations at finite baryon chemical potential (µB) be-
cause of the sign problem [54]. Therefore, most of the analysis and discussions up to this
point have been limited to a vanishing µB. The full phase diagram of QCD mixes solid ex-
perimental results and first-principle calculations, as well as reasonable speculations from
various models. Fig. 1.5 shows a sketch of it represented in the direction of temperature
(T) and µB. In this diagram, the lattice QCD results shown so far sit along the T axis,
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Figure 1.5: QCD Phase diagram represented in the direction of temperature and baryon
chemical potential. Taken from NSAC Long Range Plan 2007 [55].
(QGP) once dynamical massive quarks are taken into account.
Several other important observations can be drawn from this figure: in the baryon rich
regime, neutron stars provide ideal laboratories to study the QCD phase structure, how-
ever very limited measurements of their properties are presently available. On the other
hand, in lower µB regime where T is high, high energy heavy-ion collisions at the Facility
for Antiproton and Ion Research (FAIR), the Brookhaven National Laboratories (BNL)
Relativistic Heavy Ion Collider (RHIC), and the CERN Large Hadron Collider (LHC)
are generating enormous amount of experimental data for investigating QCD matter at
extreme hot/dense conditions.
One notices that for increasing values of µB, the crossover between the hadron gas and
the quark-gluon plasma is replaced by a first order transition. On the edge of this first
order transition line there is a critical end point (CEP) that is crucial for understanding
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the complete phase structure of QCD, and it has stimulated numerous theoretical inves-
tigations. The RHIC Beam Energy Scan (BES) is the current experimental frontier of
studying the CEP.
A dramatic feature of Fig. 1.5 is that the quark-gluon plasma (QGP) occupies almost
the entire phase space at high temperature T > 170 MeV because of the asymptotic
freedom of strong interactions. Therefore the early universe was filled with QGP when
it was sufficiently hot, and this condition is satisfied at time shorter than 10−5 seconds
after the Big Bang, as illustrated in the left panel of Fig. 1.6. However, the primordial
Figure 1.6: (Taken from [56]) Left: the quark gluon plasma in the early universe. Right:
event display of a heavy ion collision at RHIC (STAR collaboration).
confinement/deconfinement transition seems to be too weak to have left any imprint that
can be observed nowadays through astronomical approaches. Therefore one must seek
ways to study this primordial nuclear matter in the laboratory. Fortunately, QGPs have
now been recreated in ultra-relativistic nucleus-nucleus collisions at BNL RHIC and the
CERN LHC, respectively at a center of mass energy of 200 GeV and 2.76 TeV per nucleon
pair. The right panel of Fig. 1.6 shows one typical event at the RHIC STAR detector.
One can infer from a glimpse of this event that complicated particle/jet phenomena
in these collisions must have encoded rich fundamental information about both the per-
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turbative and non-perturbative aspects of QCD. And to decode such imprints is exactly
the goal of this thesis. The next section will serve as a general introduction to heavy-ion
collisions and quark-gluon plasmas. This thesis will be dedicated to building up a QCD
framework that incorporates physics in both the strong and weak coupling limit, and
that can be applied to make reliable quantitative predictions of particle/jet observables
in high-energy nuclear collisions at RHIC and the LHC.
1.2 Heavy-ion collisions and quark-gluon plasmas
Generally speaking, there are three major stages of relativistic heavy ion collisions as
time evolves: (1) the initial stage and a brief period of time afterwards – Color Glass
Condensate (CGC) and Glasma; (2) a longer stage where the matter is close to local
thermal equilibrium – strongly-coupled Quark Gluon Plasma (sQGP); (3) the final stage
during which the matter has become too dilute to remain in equilibrium – Hadron Gas.
They are illustrated in the cartoon in Fig. 1.7.
Figure 1.7: A cartoon of the collision of two high-energy heavy nuclei from [57].
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Before the impact, the two nuclei travel at relativistic speeds and are Lorentz-contracted
in the laboratory frame. Valence partons are surrounded by a dense cloud of gluons that
can be described by a superposition of coherent classical color-electric and color-magnetic
fields, and this is called the Color Glass Condensate.
Upon the collision, the nuclei penetrate each other mostly unchanged and carry away
the baryonic matter. At the same time, they acquire a net color charge and leave behind
a color-rich and baryon-free region known as Glasma. This region is described by longi-
tudinal color flux-tubes that connect the two receding nuclei. It eventually thermalizes
into a plasma of quarks and gluons.
Fig. 1.7 illustrates from an different angle the stages of a heavy-ion collision, i.e. in the
beam axis (z) vs time (t) plane. After a time shorter than 1 fm/c from the initial impact,
Figure 1.8: Stages of a heavy-ion collision in the beam axis (z) vs time (t) plane. Taken
from [56].
a strongly-coupled quark-gluon plasma consists of deconfined quarks and gluons in or
slightly out of equilibrium is created. At RHIC and LHC energies, the QGP behaves as
a “perfect” fluid with a shear viscosity to entropy density ratio approaching the quantum
bound, and its evolution is governed by the laws of relativistic hydrodynamics.
As time evolves, the system expands and cools down. When the medium reaches
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a certain critical temperature, it will experiences a confinement transition to a hadronic
state. This state will goes through a kinetic freeze-out shortly, and result in the formation
of a Hadron Gas. This is the final stage of the collision, and are directly measured via
the detectors.
1.2.1 Color glass condensate
The hadronic constituents of a nucleon include valence partons (quarks), and wee partons
(sea quarks and gluons) whose nature is highly non-perturbative. In heavy ion collisions,
the partons generating the bulk of the final state carry a very small fraction x of the
momentum of their parent nucleon11, x = Eparton/Enucleon ∼ pT/
√
s,12 where pT is the
transverse momentum of a typical final state particle and
√
s the center of mass energy
per nucleon pair. This value ranges from x ∼ 10−2 (RHIC) to x ∼ 10−4 (LHC). The left
panel of Fig. 1.9 shows a measurement of the parton distributions in a proton from HERA
[64, 65]13. At low values of x, the nucleon content is predominantly made of gluons. This
increase of the gluon density at low x is due to the large emission probability of soft
gluons. The differential probability behaves like dP ∼ αsdx/x.
However, this increase in gluon density cannot continue forever. When the gluon occu-
pation number becomes of the order of the inverse coupling 1/αs and they start to overlap
11Note that the formal definition of the scaling variable x (Lorentz invariant) is rooted in deep inelastic
scatterings (DIS). At lowest order in perturbation theory, it corresponds to the longitudinal momentum
fraction carried by a parton in the hadron. Denote by q2 = −Q2 < 0 the virtual photon four-momentum
squared, y the ratio of the photon energy to the electron energy in the hadron rest frame, s the center of
mass energy squared, then xy = Q2/s.
12It is useful to consider two asymptotic limits in DIS that better illustrate the QCD dynamics of high
energy hadron wavefunctions for fixed y. The first is called the Bjorken limit, corresponds to fix x, let Q2
→∞ and s→∞. The evolution of the separation of hard and soft scales is given by the renormalization
group (RG) called DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation [58–60]. The second
is the Regge-Gribov limit, corresponds to fix Q2, let x → 0 and s → ∞. The rapid rise of the gluon
distribution at small x is given by BFKL (Balitsky-Fadin-Kuraev-Lipatov) equation [61–63]. They are
shown in the right panel of Fig. 1.9.
13In the simplest possible words, the parton distribution function (PDF) measures the probability of
finding at scale Q a parton with a momentum faction x of the parent nucleon.
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Figure 1.9: Left: the x-evolution of valence quark, sea quark, and gluon distributions
for Q2 = 10 GeV2 measured at HERA [64, 65]. Right: the “phase diagram” for QCD
evolution. Each colored dot represents a parton in the infinite momentum frame with
transverse area δS⊥ ∼ 1/Q2 and momentum k+ = xP+. Taken from [66].
each other, the reverse process that two gluons recombine possesses a higher probability
[67, 68]. It leads to a saturation of the gluon density [69–71]. This saturation mecha-
nism generates a dynamical momentum scale – the saturation momentum Qs. For gluons
with transverse momentum k⊥ ≤ Qs, saturation effects are important. The Qs(x,A) is
defined such that, the gluon density (ρg) which grows rapidly with decreasing x (when
ρg is low), saturates at ∼ 1/αs(Qs), and thereafter it grows only logarithmically with x.
Generally speaking, Qs(x,A) increases at small momentum fraction x and increases with
the mass number A of a nucleus, as shown in the left panel of Fig. 1.10. This is the reason
that saturation is expected to play a more important role in heavy-ion collisions than in
proton-proton collisions, and even more so at higher energies at the LHC.
Gluon densities of order 1/αs lead to a breakdown of the perturbative expansion, make
the saturation region non-perturbative. The resummation of the infinite series of relevant
graphs can be extremely cumbersome if one used standard Feynman rules. The Colour
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Figure 1.10: Left: Saturation momentum Qs (from [72]). Right: “Glasma” flux tubes
– gauge field configurations of longitudinal chromo-electric and chromo-magnetic fields
screened on transverse scales 1/Qs (from [56]).
Glass Condensate (CGC) [73, 74] is an effective theory based on QCD that reorganizes
the perturbative expansion to simplify this resummation. The effective action in CGC
neglects the quarks and treats the large x fast partons as static color sources J moving








2 )Aµ. In the
saturated regime, these sources are large and must be resummed to all orders. However,
the advantage of this formulation is that quantum fields sourced by a large current behave
classically in a first approximation. Thus at Leading Order (LO) in αs, observables in
CGC can be calculated through solving the classical Yang-Mills equations14:
[Dµ, F





The resulting classical solution has a unique feature imposed by the geometry of the
14If the small x gluons can be described by classical fields, on the contrary large x gluons can be treated
as their sources, which evolve slowly in time due to relativistic dilation effects (Glass). The distinction
between the two scales is entirely arbitrary, and a correct description of the small x physics is achieved
only after applying renormalization group analysis [75]. It turns out that the evolution equations are
diffusive and have universal solutions: the color glass condensate indeed represents the universal form of
high-energy QCD wavefunctions at small x.
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collision: at a proper time τ = 0+, the lines of the chromo-electric and chromo-magnetic
fields are all parallel to the collision axis as illustrated in the right panel of Fig. 1.10. These
fields form color flux tubes with a typical transverse size of order Q−1s in the beam axis,
and this configuration is called the Glasma. The energy-momentum tensor of such a color
field configuration has a negative longitudinal pressure, thus this matter is very far from
local thermal equilibrium. The evolution of the Glasma into a thermalized Quark-Gluon
Plasma as well as the interaction of hard probes with the Glasma is not understood, and
this is a subject of ongoing studies [76].
Experimental evidence of CGC
The description of the initial conditions in terms of coherent classical color fields must be
validated by experiments before the CGC framework can be firmly established. There are
growing pieces of evidence in a variety of measurements carried out in different collider
experiments. For instance, the CGC hypothesis is generally supported by electron-proton
scattering measurements, which can probe the physics of small x ≤ 10−2 [69–71].
In heavy ion collisions, evidence is expected be found in several observables, for ex-
ample, particle multiplicity in A+A collisions [77–79], forward rapidity intermediate pT
hadron-spectrum suppression in deuteron-gold (d+A) collisions [80–82], suppression of
forward azimuthal back-to-back correlations in d+A [83, 84], long-range rapidity correla-
tions in A+A known as the “ridge” [85], etc. However at current stage, for most of them
there are only after-the-fact postdictions that claim to be due to CGC.
An example of the CGC prediction that is validated by data is the particle multiplicity
in A+A collisions, as shown in Fig. 1.11, where the pseudorapidity densities of charged
particles predicted by CGC models (black curves with yellow bands) are in agreement
with data from A+A collisions at RHIC.
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Figure 1.11: Multiplicities of charged particles produced at RHIC at different center-of-
mass energies
√
sNN (blue triangles and red squares) are compatible with CGC predictions
(black curves with yellow bands). The upper band represents the CGC predictions of Pb-Pb
collisions at the LHC. Taken from [78].
1.2.2 Towards a thermalized QGP
The idea of ultra-relativistic heavy ion collisions originates from T.D. Lee in 1970s, he
suggested that it is interesting to “investigate ... phenomena by distributing high energy
or high nucleon density over a relatively large volume” [86]. The restoration of the broken
symmetries in the QCD vacuum will make ultra-dense states of nuclear matter accessible
through experiments of colliding heavy nuclei with high center-of-mass (c.o.m.) energies
√
s [87, 88].
Dated back to the 1980s and 1990s, the earliest heavy ion collisions aimed at creating
the quark-gluon plasma (QGP) started at the CERN’s Super Proton Synchrotron (SPS).
The SPS c.o.m. energies reached
√
sNN ≈ 20 GeV per nucleon pair and the data displayed
several signatures that hinted the onset of a “new state of matter” [89]. Built upon
these efforts, the Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National
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Laboratory (BNL) started its heavy ion program in 2000 by colliding Cu-Cu and Au-Au
nuclei that reached
√
sNN = 200 GeV. These energies are sufficient to create the QCD
matter well above the deconfinement transition point, and a wide range of experimental
data from the BRAHMS [90], PHENIX [91], PHOBOS [92] and STAR [93] collaboration
suggest that the QGP has indeed been created at RHIC [94]. Further experimental efforts
have also started at the CERN’s Large Hadron Collider (LHC) in 2010, where Pb-Pb nuclei
are collided at
√
sNN = 2.76 TeV or above.
To estimate the energy density of the system being created in a heavy-ion collision,
one can measure the number of detected charged particles as a function of the polar angle
θ with respect to the beam direction z. This is the so-called multiplicity distribution and
















Figure 1.12: Multiplicity distributions of charged particles as a function of pseudorapidity
(1.32), measured at RHIC at several different beam energies. (Taken from [95].)
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The results here are plotted as a function of the pseudorapidity15,
η = − log tan (θ/2) . (1.32)
Note that η = 0 corresponds to θ = π/2, i.e. the direction perpendicular to the beam
axis, and this is called midrapidity. A notable feature in Fig. 1.12 is the plateau around
midrapidity is dNch/dη ≈ 700 at
√
sNN = 200 GeV (dNch/dη ≈ 1584 at LHC
√
sNN =
2.76 TeV [96]). This translates into a total number of charged particles around 5000.
Approximate all observed particles to be pions, then dN/dη = (3/2)dNch/dη. This means
around 8000 particles are produced.
To estimate the energy density ε of the medium, a simple geometric approach was
proposed by Bjorken [97]. Assume that at τ = 0 nuclei of radius R inter-penetrate each
other, then at some τ = τ0, the volume of the system will be roughly 2τ0πR
2, if there is
a longitudinal expansion and no radial expansion. The energy contained in that system
is at least the total transverse energy between η = −1 and η = 1 in the plateau, i.e.
2 · dET/dη|η=0. Thus one has
ε · 2τ0πR2 = 2 · dET/dη|η=0 . (1.33)
Choosing τ0 = 1 fm/c
16, this relation gives one ε ∼ 5 GeV/fm3 for √sNN = 200 GeV.
This conservative estimate is an order of magnitude larger than the critical energy density
εc ∼ 0.5 GeV/fm3 as shown in Fig. 1.4. At such an energy density the deconfinement
transition must happen, and the system must undergo a crossover from the hadronic phase
to the quark-gluon plasma (QGP) phase.













sinh y = sinh η. In the massless limit, the two are the same, y = η = − ln tan θ2 .
16At this point, this value is only a rough estimate of a typical size of the system, but, as we will soon
see, the elliptic flow data in fact indicates that after about ∼ 1 fm/c, the system is in thermal equilibrium.
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More realistically, the QGP is an ultra-dense, strongly-coupled, deconfined form of
matter that is formed at energy densities ε ∼ 2 GeV/fm3, evolving from an initial state of
ε ∼ 20− 30 GeV/fm3 to a mixed partonic and hadronic plasma after a time τ ∼ 5 fm/c
[94]. Decouplings and hadronizations occur at later time τ ∼ 10 fm/c, as shown in the
diagram of Fig. 1.13.
Figure 1.13: Energy density bounds as a function of time in heavy ion collisions. From
[94].
Of course the multiplicity estimate is not a most direct experimental proof that the
QGP has been created in RHIC A+A
√
sNN = 200 GeV collisions. The first strong
indication in fact came from the spectra of the “soft” particles with transverse momenta
smaller than pT ∼ 2 − 5 GeV that comprise the bulk of the observed hadrons. These
spectra drop exponentially with exp(−
√
p2T +m
2/Teff), as opposed to the “hard” particles,
whose spectra possess a power law shape. The exponentially falling spectra also show up
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in the case of proton-proton (pp) collisions17, but what is different in AA collisions is
that the effective temperature Teff extracted from these spectra strongly depend on the
particle species, see e.g. [98]. This dependence is consistent with having a system of
thermally equilibrated particles that radially expands, so that all particle species have
the same radial velocity (which is about 0.6c in central collisions [93]), but because of
their different masses, different momentum boosts occur in the final spectra.
The properties and dynamics of the locally thermal equilibrated QGP can be described
by collective, macroscopic theories such as relativistic hydrodynamics. The characteristics
of this “fluid” and the phenomenological consequences in terms of experimental measure-
ments will be discussed in detail in the next section.
1.2.3 QGP: collective flow and perfect fluidity
The underlying microscopic theory of the quark-gluon plasma is QCD at finite temper-
ature (see appendix C). Macroscopically, the thermalized plasma behaves as a fluid and
obeys the laws of hydrodynamics (see appendix A and B).
The macroscopic hydrodynamic picture18 is expected to hold after a time τ0 ∼ 0.3− 1
fm/c from the initial impact, when the plasma is sufficiently hot, and before a mixed
gluonic-hadronic state is formed at τf ∼ 3 − 5 fm/c. The connection between hydro-
dynamics and finite temperature QCD is built through computing from the microscopic
theory the quantities such as the transport coefficients using Kubo formulae [101, 102],
and the equations of state (EOS) using lattice QCD. An example of lattice QCD calcu-
lations of EOS has been given in Section 1.1.4, and Fig. 1.14 is another illustration. In
addition to what has already been shown in Fig. 1.3 and Fig. 1.4, here the trace anomaly,
17The pp spectrum is the standard baseline for comparison.
18To simulate the evolution of the system in a relativistic hydrodynamical framework, the knowledge
of the initial conditions (determined by CGC or by the Glauber model [99] elaborated in appendix B)
and the equation of state are necessary. A review on applying hydrodynamics to heavy ion collisions can
be found in e.g. Pasi Huovinen and P.Vesa Ruuskanen [100].
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Figure 1.14: A recent lattice calculation of Nf = 2 + 1 QCD equations of state with
physical quarks from the HotQCD collaboration [103]. From the top-left, clockwise: the
entropy density, the energy density and pressure, the speed of sound and the trace anomaly.
T µµ = ε − 3p is plotted. This quantity indicates the deviation from a conformal theory
[30], a limit reached by QCD for T  ΛQCD.
An observable directly related to the formation of a strongly-coupled QGP is the
azimuthally anisotropic flow (or the azimuthal anisotropy for hard particles) in non-central
collisions [104]. This is a critical observable that this thesis studies and will be discussed
at length in the following.
From a simple view of a heavy-ion collision, one can imagine two Lorentz-contracted
“pancakes” collide with each other in the beam direction at some impact parameter b,
as illustrated in Fig. 1.15. Depending on the size of b, one can have central, semi-
peripheral or peripheral collisions. However in an experiment it is impossible to select













Figure 1.15: An cartoon of a non-central collision with impact parameter b of two nuclei
with mass numbers A and B. (Taken from [105].)
multiplicities and classifies them in so-called centrality bins. For example, a collection of
5% of the events with highest multiplicities is called the “0-5% centrality bin”. Generally
speaking, the smaller the impact parameter, the larger the participant multiplicity. With
a particular model (such as the Glauber model in appendix B), it is possible to quantify
them.
Now one can turn to the particle spectrum that depends on a particle’s transverse
momentum pT , the spacetime rapidity y, and the azimuthal angle φ. The spacetime










where t is the time in the laboratory frame and z is the beam axis. It is closely related

























When p  m, one can approximate y = η. The azimuthal angle φ in the particle
distribution is measured with respect to the x-axis in Fig. 1.15. The particle spectrum is








[1 + 2v1(pT ) cos (φ−Ψ1) + 2v2(pT ) cos (2(φ−Ψ2)) + ...] ,
(1.37)







and it is called the “n-th order harmonics”. vn’s and dN/dpTdy implicitly depend on
the rapidity y, the impact parameter b (centrality), and the particle species. At high pT ,
vn’s describe the azimuthal anisotropies of hard particles. At low pT , they characterize
the collective flow. In particular, v1 is the direct flow, v2 the elliptic flow, and v3 the
triangular flow.
At suggested by Fig. 1.15, for collisions of identical nuclei at midrapidity y = 0,
the odd flow coefficients v2n+1 should vanish due to the φ → φ + π symmetry of the
almond-shaped region19. Therefore, on average the first non-vanishing flow coefficient
in the particle distribution is the elliptic flow v2. It characterizes the asymmetry of the
particles measured in the x-direction versus the particles measured in the y-direction in
Fig. 1.15. Measurements of the angular asymmetries at RHIC are shown in Fig. 1.16,
the magnitudes of v2’s are significant. At the LHC at
√
sNN = 2.76 TeV, these angular
19On an event-by-event basis they will generally be non-zero.
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asymmetries are similarly large [96, 106, 107]. The elliptic flow has a clear dependence




























Figure 1.16: Elliptic flow v2 versus transverse momentum pT for charged hadrons at
different centralities in Au+Au collisions at RHIC
√
sNN = 200 GeV. (Taken from [108].)
on the centrality of the collision. This is a strong indication of collective behaviors. If
the observed particles came from independent pp collisions, one would find symmetric
azimuthal distribution, and all flow coefficients would vanish. Therefore must be some
strong correlation effects at play in these systems.
For these reasons, the next natural step is to test if relativistic hydrodynamics can
quantitatively describe/predict the azimuthal flow data in high-energy heavy-ion colli-
sions. As shown in Fig. 1.17, there is indeed a remarkable agreement between the elliptic
flow v2 predicted by hydrodynamical models and what has been measured at RHIC. This
is one of the strong pieces of evidence of the QGP formation at RHIC (and the LHC)20.
20There are still some arguments on this point, since it relies on the subtle arguments demonstrating
that one cannot reproduce this behavior with hadrons, and even if one could, the required densities exceed
those at which hadrons could exist.
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Figure 1.17: The bulk collective flow as strong evidence for QGP formations in high-
energy heavy-ion collisions. Left: RHIC measurements of the azimuthal elliptic flow v2(pT )
are shown to agree with the predicted ideal hydro flow in bulk p⊥ . 1 GeV domain. Right:
v2(p⊥) as a function of the charged particle rapidity density. When dN/dy drops below
the values achieved at RHIC, the v2 falls below the hydro predictions. Taken from [94].
Telling from the left panel of Fig. 1.17, one notice that the collective flow breaks down
at high values of transverse momentum p⊥ & 2 GeV. The reason is clear: for such short
wavelength components of the QGP, local equilibrium cannot be sustained because the
coupling strength becomes too weak due to QCD asymptotic freedom. The right panel of
Fig. 1.17 shows that the collective flow breaks down at small multiplicity, where there is a
substantial deviation from the hydro limit is observed. The reason is also clear: at lower
densities, or lower temperatures temperatures approaching Tc, a mixed gluonic-hadronic
phase comes into play and hadronic dissipation takes control [109].
Another notable feature of the QGP created in heavy-ion collisions is the “perfect
fluidity” [110–112]. It is characterized by a small shear viscosity to entropy density ratio
η/s close to the quantum bound [113, 114] that is partially caused by a spiked increase
of the number of degrees of freedom in the color-deconfined phase. Fig. 1.18 shows an
example of collective flow results from first order dissipative hydrodynamics calculations.
One can see from this figure that the η/s needed in viscous hydrodynamics in order to
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Figure 1.18: Comparison of a conformal relativistic viscous hydrodynamic model [115]
to experimental data on charged hadron elliptic flow in minimum bias events at STAR
[116], for two different sets of initial conditions (CGC and Glauber). (Taken from [115].)
achieve fits with data is small, η/s  1. It implies that the medium created is indeed a
near-perfect fluid.
Perfect fluidity generally implies a strong coupling feature of the underlying theory,
for the following reasons: in a standard quasiparticle picture, shear viscosity describes the
system’s efficiency of transporting e.g. a y−directed momentum in the x direction. Large
shear viscosity therefore indicates large mean free paths and hence weak coupling21. On
the other hand, low η/s suggests that the momentum cannot be efficiently transported
over distances of the order of s−1/3. Consequently, there are no quasiparticles possessing
long mean free paths, and this directly leads to strong coupling. A side note is that the
AdS/CFT calculation (extremely strong coupling limit) for η/s agrees very well with the
values from Fig. 1.18 [30]. Another insight that can be drawn is that local thermal equilib-
rium must established very soon after the collision, because otherwise the almond shaped
region in Fig. 1.15 will have enough time to isotropize and the angular asymmetries will
not be as significant as measured in Fig. 1.16. In fact, various hydrodynamic simulations
21Computations of the shear viscosity using the Kubo formula show that at high temperatures, QCD
asymptotic freedom leads to a divergence in the shear viscosity, see e.g. [117]. At low temperatures, the
hadron gas is weakly-coupled, the shear viscosity also diverges.
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have suggested that τeq is on the order of 1 fm/c [118].
All the results presented point to the following conclusion: the medium produced in
ultra-relativistic heavy-ion collisions at RHIC and the LHC is a strongly-coupled, near-
perfect fluid, that reaches an approximate local thermal equilibrium within about 1 fm/c
after the collision – this is exactly the Quark-Gluon Plasma.
Besides the collective flow, there is in fact much more data measured in RHIC and the
LHC AA collisions that exhibit different features from scaled pp collisions. They provide
additional evidence to support the formation of Quark-Gluon Plasmas in high-energy
heavy-ion collisions. The J/ψ suppression22 [119] and the strangeness enhancement23
[120] are good examples.
1.2.4 Hadronization and freeze-out
As the fireball of the deconfined quark-gluon plasma expands, it cools down and to some
point it will undergo a phase transition to a hadron gas phase. The hadronic bound states
are formed starting from the outer and colder region of the plasma, known as the corona.
The hadronization take places through the processes of recombination and fragmen-
tation, depending on the pT range of the partons. In the low to intermediate pT regime,
i.e. the soft sector up to ∼ 5 GeV, hadrons are formed by recombination (or coalescence)
[121, 122] of partons thermal quarks and antiquarks. In the high pT regime, i.e. the hard
sector above ∼ 5 GeV, hadronization takes place through fragmentation.
During the hadronization, a mixed gluonic and hadronic phase coexists while the
22J/ψ is the lightest of the cc̄ mesons. In a deconfined QGP, the qq̄ potential (1.8) is replaced by a
Debye-screened one, if the screening length λD ∼ 1/µ falls below an analogy of the Bohr radius for J/ψ,
one expects to see the dissociation of the meson. Therefore, fewer J/ψ’s will be observed in heavy-ion
collisions than in scaled pp collisions.
23Strangeness enhancement is the phenomenon that more hadrons containing s and s̄ quarks are pro-
duced in heavy-ion collisions than in scaled pp collisions. One proposal to explain this is that, due to the
restoration of chiral symmetry in the quark-gluon plasma and a high density of gluons, the production
of ss̄ pairs through processes like the gluon fusion gg → ss̄ becomes more probable.
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system continues to expand until the matter has fully hadronized. After that, the hadronic
matter keeps diluting while interacting and at some point the inelastic hadron-hadron
collisions become weak enough such that the hadronic content of the matter no longer
changes [123, 124]. The temperature at which this is achieved is called the chemical
freeze-out temperature and is about 155-180 MeV at RHIC at
√
sNN = 200 GeV [123].
Finally, as the system keeps evolving, the hadronic matter becomes so dilute that the
particle mean free path gets larger than the system size. In such a state even elastic
interactions become negligible: hadrons from thereon free stream and the momentum
distributions do not change anymore – a non-interacting hadron gas is formed. The
temperature at which this happens is called the kinetic freeze-out temperature, which is
about 90 MeV at RHIC [93].
Recombination/coalescence, fragmentation, freeze-out will be discussed in detail in
this section in the following.
Recombination/Coalescence
In the low and intermediate pT range, hadrons are mostly formed by recombination (co-
alescence) mechanisms [121, 122, 125]. In this picture, thermal quarks and anti-quarks














Wn(p, x) . (1.39)
Here f(xi, pi) is the phase-space distribution of the constituent qi or q̄i and Wn(p, x) is
the Wigner function of the recombined meson (n = 2) or baryon (n = 3). Recombination
takes place on the hypersurface Σ.
Taking into account the steep fall off of the momentum distribution function, only a
limited portion of the constituent phase-space with low pT is dense enough to allow any
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coalescence process to occur. In this scenario, the production of baryons or mesons is
expected to scale with the quark constituents, take the elliptic flow v2(pT ) for example,
one expects v2,B(pT ) ' 3v2,q(pT/3) for baryons and v2,M(pT ) ' 2v2,q(pT/2) for mesons.
This scaling behavior has been confirmed in experimental measurements [126], as shown
in Fig 1.19.
Figure 1.19: The elliptic flow v2 for K mesons and Λ baryons scaled by the number of
constituent quarks n overlap each other. Taken from [127].
Fragmentation
High pT particles above ∼ 5 GeV hadronize mostly by fragmentation processes [128, 129].
In this scenario, the parent parton i with momentum pi fragments into a hadron h with
















3pi is the invariant differential production cross-section for the parton i
(the same for hadron h). The fragmentation function Dqi→h(z,Q2) can be interpreted as
the probability for the partons i, either quarks or gluons with virtuality Q, to fragment
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into a hadron h which carries a fraction z of the parton energy. From QCD factorization,
the soft hadronization is factorized from the hard process, and the factorization scale is
Q24. Fragmentation functions (FF) evolve with Q2 as given by the DGLAP equations
[58–60]. At a fixed Q2, they generally have a simple form: for example, the KKP frag-
mentation functions [130] that describe the fragmentation of light quarks and gluons can
be parametrized at standard Q20 = 2 GeV
2 as:
Dqi→h(z,Q20) = Nz
α(1− z)β , (1.41)
where α, β and N are tabulated and can be evolved to other Q2. The FFs Dqi→h are
universal25, i.e. once determined, they are applicable to any process, and they have been
studied in detail in e+e−, pp̄ and pp collisions.
















This form will be extensively used in this thesis.
Freeze-out
The description of the freeze-out process is given by the Cooper-Frye formalism [131]: the
transition of a locally thermal equilibrated many-body system to a free streaming state
happens on a spacetime hypersurface Σ(x). The observed momentum distribution is given
24In a process like e+ +e− → h+X, the scale Q is on the order of c.o.m. energy
√
s, but in our context
one typically takes it to be between pi and 2pi.
25One can tell from the form of Di→h that since Eidσi/d
3pi has a power-law fall off for high pT , the










f(x, p)p · dΣ , (1.43)
where f(x, p)p · dΣ represents the local flux of particles with momentum p through
the infinitesimal surface dΣ. The distribution f(x, p) is given by equilibrium Maxwell-
Boltzmann statistics with the 4-momentum shifted by the local fluid 4-velocity uµ(x).
1.2.5 Nuclear effects on hard probes
Up to now discussions about the experimental observables in relativistic heavy-ion colli-
sions that are imprinted by quark-gluon plasmas have been focused on the low transverse
momentum pT regime. These soft particles are directly associated with the bulk medium,
hence possess an “internal” nature – information about the QGP are “encapsulated” in
them and are difficult to be inferred from them. On the other end of the spectra, there
are high pT hard particles that provide possibilities to study the QGP using “external”
sources. They are referred to as “hard probes”. These hard probes constitute one of the
most powerful tools in heavy-ion phenomenology.
Hard probes pave a unique way to investigate jet-medium interactions in the sQGP,
and they act as an independent and indispensable approach to study the properties of
QGP. Hard partons with large virtualities are produced at the early stage of the collision
before the formation of the medium. They traverse the entire bulk evolution, interact
with thermal quarks and gluons, and lose energy via scattering processes that are com-
putable because of QCD factorization – one can separate the soft non-perturbative parts
(PDFs, FFs) from the hard perturbative processes (scattering cross-sections) [132, 133].
At the final stage, the hard partons fragment into energetic hadron streams known as
jets. Through study the modification of jet/leading hadron spectra in the presence of the
medium, one can deduce important properties of the QGP such as the coupling strength,
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screening mass, transport coefficients, etc.
Hard partons produced in A+A collisions are subject to nuclear effects which can
be divided in two categories: (1) Initial state or cold nuclear matter (CNM) effects.
These are effects that influence the initial momentum distribution of partons, which is
modified with respect to the distribution in rescaled p+p collisions. They are due to
the modification of the parton distribution functions (PDFs) inside the nucleus, and are
visible in asymmetric p+A events. For the CNM, shadowing/anti-shadowing and Cronin
effect will be discussed in this section. (2) Final state or hot nuclear matter effects. These
effects are directly related to the presence of a hot deconfined quark-gluon plasma, they
are visible mostly in A+A collisions. Modifications to the observed hadronic distribution
due to final state effects can be utilized to study several properties of the QGP if initial
state effects have been correctly singled out and the initial hard parton distributions can
be reliably calculated. Energy loss is the most important hot nuclear matter effect, it is
the topic of next chapter. In this section it will be skimmed over, but it will be discussed
somewhat at length in the next section.
Shadowing/Anti-shadowing










2) are structure functions, N stands for nucleon, and A is the nuclear mass
number. Since the structure functions are functionals of the PDFs, nuclear effects in
the ratio RAF2 are applicable to the parton distributions. The results shown in Fig. 1.20
identify four separate regions where these effects take place: (1) Shadowing: RAF2 < 1






0.3 . x . 0.8; (4) Fermi motion: RAF2 > 1 for x & 0.8.
Figure 1.20: Results for RAF2 for different nuclear species, taken from [134].
Providing a unique theoretical description of these effects is an ongoing research effort.
The depletion of partons (shadowing) in the low x kinematic region is particularly relevant
to experiments at RHIC and the LHC, because they probe the physics of nuclear collisions
at increasingly higher energies and smaller x. Such depletions will lead to a reduction of
the hadron yield in the high pT region.
Notable features of the shadowing effect [135] include: (1) an enhancement of shad-
owing with decreasing x, although at very small x experimental data is compatible with
either saturation or a mild weakening; (2) an enhancement of shadowing with A; (3) a
weakening of shadowing with increasing Q2.
Several phenomenological explanations of shadowing have been proposed [136–139].
Underlying is the concept of gluon fusion and gluon saturation that occurs at very low x
for very dense systems [140], a phenomenon addressed theoretically in the CGC framework
presented in Section 1.2.1.
Cronin effect
The Cronin effect [141] refers to the enhancement of the production cross section of
hadrons in p+A compared to p+p collisions. It has been experimentally observed in the
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transverse momentum range 1 < p⊥ < 7 GeV.
This effect can be studied in a model of multiple parton scatterings [142]. In this model,
when incident partons pass through the target nucleus A, they undergo multiple soft
scatterings prior to the hard one. Each of the scatterings provide a transverse momentum









T 〉A , (1.45)
with width 〈k2T 〉A = 〈k2T 〉 + 〈∆k2T 〉A. The broadening is assumed to be proportional to
the number of scatterings the projectile suffers inside the nucleus. This kT broaden-
ing overrides the interference absorption between successive scatterings, and result in an
enhancement in the hadron yield within a specific pT range.
Energy loss
Energy loss is a final state effect, and is experienced by hard partons (jets) that in-
teract with the thermal particles [133, 143]. Both elastic and inelastic collisions may
occur [144, 145]. The knowledge of the hadron distribution if jet-medium interactions are
absent allows one to determine the properties of the quark-gluon plasma by making obser-
vations of the modified hadron distribution in A+A collisions. Suppressed high pT leading
hadron/jet yields in AA collisions comparing to scaled pp collisions is strong evidence for
the formation of a hot deconfined medium. This phenomenon, called “jet quenching”,





In relativistic heavy-ion collisions, jets are generally referred to a collection of particles
in the y − φ space surrounding some energetic leading hadrons, and a particular jet
clustering algorithm such as anti-kT [146] is utilized to identify them. On the theory
side, the term “jet quenching” may be simplified to the energy loss of the leading hadron,
i.e. one considers under eikonal approximation high pT quarks/gluons that pass through
the strongly-coupled quark-gluon plasma created in AA collisions, lose energy through
radiative and collisional processes, and eventually fragment into high pT hadrons with
reduced yields compared to those in rescaled pp collisions. This will be the convention of
this thesis unless otherwise restated. And experimental observables of interests will be at
single particle level.
Jet quenching is one of the most decisive signals for formation of the quark-gluon
plasma in heavy-ion collisions [133]. The two-particle correlations in Au+Au vs p+p
collisions at the same c.o.m. energy at RHIC is a clear example to manifest this effect, as
shown in Fig. 1.21.
In this measurement, the trigger momentum is chosen between 4 and 6 GeV and the
associated momentum has range ∆pT , i.e. once a particle with the momentum equal to
the trigger momentum is detected, one then looks for other particles that have momentum
within the ∆pT range and plot their relative azimuthal angle and pseudorapidity depen-
dence with respect to the trigger particle. The lower left panel in Fig. 1.21 demonstrates
the jet quenching phenomenon: in the pp collision one clearly sees two peaks at ∆φ = 0
and ∆φ = π, this indicates two back-to-back jets. However in the AA collision, the away-
side peak (∆φ = π) is missing. This clearly indicates jet quenching, because the energy
of the energetic parton has been transferred to the thermal constituents of the plasma.
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Figure 1.21: Two-particle azimuthal ∆φ and pseudorapidity ∆η correlations (with back-
ground subtracted) in central Au-Au collisons at RHIC at
√
sNN = 200 GeV (colored dots),
compared to the pp results (black dots). The trigger momentum was 4 < ptrig.T < 6 GeV
and the associated momentum ranges are indicated. (From STAR collaboration [147].)
broadened away-side peak. Note that for observed back-to-back jets, there is a surface
bias26 that leads to one twin parton must traverse much longer distances in the medium
and hence lose more energy than the other one, Fig. 1.22 is an illustration of this.
To analyze the phenomenon of jet quenching more quantitatively, one may start with
pp collisions, which is the benchmark for AA data. In pp collisions, partons rarely scatter
with a large momentum transfer Q. These high-Q processes result in the production of
highly energetic, back-to-back hadrons with pT of several GeV. At such high Q, pertur-
bative QCD is particularly successful in calculating the production rate because QCD
factorization states that the soft and hard scales can be separated. Schematically, the
26The surface bias comes from jet quenching combined with a steeply falling spectrum – this means the
most likely way to get a high momentum jet is from surface production with its partner being quenched.
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Figure 1.22: An illustration of jet quenching in a heavy ion collision. After a hard
scattering of two partons, one of them goes directly to the vacuum and hadronizes, while
the other one must propagate through the strongly-coupled quark-gluon plasma. It inter-
acts with the medium, loses energy through medium-induced gluon radiation and finally
hadronizes. (Taken from [148].)





2)⊗ fj/p(xj, Q2)⊗ dσhardij→k(xi, xj, Q2)⊗Dk→h(z,Q2) . (1.46)
Here fi/p(x,Q
2) is the parton distribution function (PDF) that characterizes the proba-
bility of finding the parton i with momentum fraction xi inside the proton p. Dk→h(z,Q
2)
is the fragmentation function (FF) that characterizes the probability for the parton k
to fragment into the hadron h with fractional momentum z. In this factorized formula,
PDFs and FFs constitute the soft non-perturbative part, they are process-independent
and can be measured experimentally. The dσhardij→k(xi, xj, Q
2) is the cross-section for a hard
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process ij → k that is computable in perturbative QCD.






2)⊗ fj/B(xj, Q2)⊗ dσhardij→k(xi, xj, Q2)⊗ Pk(∆E)⊗Dk→h(z,Q2) .
(1.47)
One now has nuclear PDFs fi/A(xi, Q
2). The Pk(∆E) characterizes the probability for a
parton c to lose energy ∆E from interactions with the medium. It is assumed that the
hard process dσhardij→k(xi, xj, Q
2) remains unchanged in A+B collisions because it occurs on
a scale ∼ 1/Q that is too short to be resolved in the medium. The combination Pk⊗Dk→h
is referred to as the modified fragmentation function. One can approximate the nuclear
PDF’s with the proton PDF’s, although in reality nuclear PDF’s are modified by initial
state shadowing/anti-shadowing effects [135]. If the hot medium effects are negligible in
(1.47), then the only difference between dσhardAB→h and dσ
hard
pp→h is the effective number of
inelastic binary nucleon-nucleon collisions Nbin(b)
27 at a given impact parameter b. From
this perspective, in order to quantify the medium effects, one should take the ratio of
the AA cross-section (or particle yield) over the pp one, and scale it with the number of
binary collisions:







Here dNAB→h/pTdpTdη is the particle yield of hadron h as measured in a A+B collision
and dNpp→h/pTdpTdη denotes the particle yield at the same pT , η, and
√
sNN in a p + p
collision. Note that this definition can also be applied to a parton of species i to get a
partonic RAB.
Combine Eq. (1.46)(1.47)(1.48), one can arrive at a hadronic RAB expressed in terms
27For derivation from simple geometrical considerations see appendix B.
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Figure 1.23: Nuclear modification factor RAA for neutral pions as a function of momen-
tum in Au-Au collisons at RHIC at
√
sNN = 200 GeV, for various centrality bins. (Taken
from [149].)
The quantity RAB
28 is called the nuclear modification factor and it is one of main
observables of interests in this thesis. It is clear from previous discussions that if one
neglects the medium and initial state effects and think of the nucleus-nucleus collision
28Besides pT , RAB is also a function of c.o.m. energy
√
sNN and pseudorapidity η, for simplicity, we
do not write them out explicitly, and take the mid-rapidity regime unless otherwise restated.
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as a collection of Nbin incoherent nucleon-nucleon collisions, RAB will approximately be
equal to 1. However, at highest RHIC energies, the first results [147, 150, 151] indicate
very strong suppressions: as one can see from Fig. 1.23, in the most central collisions at
RHIC, RAA ≈ 0.2, this is a clear signature of strong jet quenching. Jet quenching remains
significant at even higher energies that are accessible at the LHC [152, 153].
It is clear in Fig. 1.23 that the nuclear modification factor shows a strong centrality
dependence. This is consistent with the interpretation that as the impact parameter
increases the size and temperature of the medium decreases and hence the jet quenching
effects weaken. It is also important to notice that at high pT , RAA is approximately
independent of momentum and hadron species [147, 154], this suggests hard partons lose




Two main mechanisms are responsible for the energy loss of a parton traversing the hot
deconfined quark-gluon plasma: the collisional energy loss due to elastic processes, and the
radiative energy loss due to inelastic processes. Effects of other energy loss mechanisms,
such as synchrotron or Cherenkov radiation, are generally less important compared with
these two. For this reason, the “jet quenching” we refer to is the collisional process
between hard partons and thermal quanta that results in a loss of energy of the original
parton, and this process includes elastic collisions and inelastic color bremsstrahlung.
Assuming valid QCD factorization in ultra-relativistic nucleus-nucleus reactions, the
interaction between the jet and the medium can be separated from non-perturbative initial
and final states of the heavy-ion collision and computed perturbatively. In the past two
decades, several models of jet quenching have been formulated in the perturbative QCD
(pQCD) paradigm and applied to explain or predict high pT observables at RHIC and the
LHC.
The concentration of this section will be on the detailed mechanism of parton energy
loss, and in particular, to introduce a pQCD based framework for computing radiative
energy loss – the Djordjevic-Gyulassy-Levai-Vitev (DGLV) opacity expansion theory. As
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noted before, we will focus on partons that have high transverse momentum pT  ΛQCD.
They originate from “hard” scatterings with Q2  Λ2QCD, and are well-described by
perturbative QCD because of asymptotic freedom. After this hard scattering, the large
virtuality parton travels through the quark-gluon plasma with a velocity close to the
speed of light along a straight line (eikonal approximation), loses energy through elastic
and inelastic interactions with the medium, and eventually fragments non-perturbatively
into a set of final state hadrons. The main underlying assumption in applying pQCD to
study parton energy loss is that the jet and the medium are weakly-coupled because the
typical exchanged momentum is high, 〈q2〉  Λ2QCD, while the medium is still considered
to be strongly coupled.
Let us start from the collisional (elastic) energy loss.
2.1 Collisional energy loss
Purely elastic collisions in a color medium, originally described in [133], were subsequently
found to play a relevant role especially in the case of heavy quark jet quenching [155–
157]. An in-depth analysis of the elastic contribution to the energy loss was performed
by Wicks in [158], and the implementation into our CUJET model will be described in
Chapter 3. The collisional energy loss originates from elastic scatterings of the parton
with the medium constituents and is generally more important at low momenta.
The first estimation for collisional energy loss in a quark gluon plasma was made by
Bjorken [133]. His work still constitutes the benchmark against which any computation
of this kind should be compared. Here we briefly outline his derivation.
In the limit E  k, where k the momentum of the target particle in the medium, we
56
CHAPTER 2. PARTON ENERGY LOSS







where ci,j is a numerical factor equal to 4/9, 1, 9/4 for {i, j} = {q, q}, {q, g} or {g, g}











· (E − E ′) . (2.2)
Here E−E ′ represents the energy lost in the collision, ρi(k) is the quark or gluon number
density, and Φ is the flux factor that accounts for the relative orientation of the target
and projectile. Defining θ as the angle between the momentum of the incoming parton
and that of the target,
E − E ′ = − t̂
2k(1− cos θ)
Φ = 1− cos θ .
(2.3)













where B is determined by the integration limits t̂MAX and t̂MIN . Assuming B is indepen-
dent of k for simplicity, one can set t̂MAX ≈ 2 〈k〉E ≈ 4TE and t̂MIN = µ2, with µ being
the Debye screening mass of the plasma, and in this case B = 4ET/µ2.
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Where CR is the quadratic Casimir of the hard parton (CR = 4/3 for quark and CR = 3
for gluon). This result tells us that the collisional energy loss is path independent and
that it depends on the energy of the jet only logarithmically. In order to derive this short
analytic result, several approximations were made in the way that infrared and ultraviolet
divergences are regulated, i.e. t̂MIN and t̂MAX . Such divergences are physically related to
the absence of collective medium effects (soft scattering) and recoil (hard scattering) in the
derivation of the theory. Improvements over this formula has been achieved by numerous
works, including more careful treatment of the IR divergences [159], UV divergences
[160, 161], the inclusion of the running of the coupling [162, 163] and many more.
2.2 Radiative energy loss
Radiative energy loss is rooted in the inelastic interactions between the parton and the
medium. It dominates at high momentum. Inelastic scatterings lead to the highly virtual
parton splitting into a parton and a gluon. This process is equivalent to a hard parton radi-
ates a soft gluon in the thermal bath, and is called medium-induced color bremsstrahlung.
The energy/momentum carried by the soft gluon is the lost energy/momentum of the par-
ton from interacting inelastically with the medium. Therefore, the radiative energy loss
is typically written as the gluon radiation spectrum as a function of emitted gluon energy
ω and (two dimensional) transverse momentum k⊥, dIrad/dωdk⊥. The medium-induced
multiple gluon emission is the dominant mechanism for parton energy loss in the quark-
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gluon plasma1.
2.2.1 Vacuum radiation
A high pT parton produced in a hard process has large virtuality, i.e. strong off-shellness.
Towards a stable on-shell state, it will radiate gluons even in vacuum. This process is
called vacuum splitting. Denote by x ≡ ω/E the energy fraction of the emitted gluon to
the hard parton. For radiations in vacuum, splitting functions, Pq→q+g(x) and Pg→g+g(x),
characterize the probability for the inelastic q → q + g and g → g + g process to happen
in vacuum. The distribution of gluons radiated from a massless parton in the x-k⊥ space












Here we denote by dNg the number of radiated gluons such that ωdNg = dIrad and by
(0) the vacuum radiation. For soft gluon radiations, x  1, the splitting functions for
a = q , g differ only by the color Casimir factor, P(q,g)→(q,g)+g ≈ 2CR/x, where R = F
stands for the fundamental representation and R = A stands for the adjoint. In this
limit, Eq. (2.7) is approximately x independent, With properly chosen kinematic bounds,











For a heavy quark jet, the radiated gluon spectrum is different from Eq. (2.7) due
to kinematic constraints. This radiation is suppressed at angles smaller than θ0 = M/E
1Recent developments [164] have shown that the collisional energy loss may play a significant role
especially for heavy quarks. This will be discussed in Chapter 3. In fact, in the language of the jet
quenching parameter q̂, dErad/dL ∝ q̂L and dEel/dL ∝ q̂/T , thus the relative magnitude of the two
depends on T × L times some constant of O(1).
59
CHAPTER 2. PARTON ENERGY LOSS











This is the dead cone effect [165] that results in the reduction of the gluon radiation inten-
sity by heavy quarks. One will see later that the vacuum radiation is in fact the dominant
component of the full gluon radiation spectrum. Medium-induced effects generate small
corrections to the radiation spectrum Eq. (2.7), and while their magnitudes are limited,
they are of physical importance.
2.2.2 LPM effect
Quantum mechanically, it takes a finite amount of time for fluctuations to evolve such that
the wavefunction of a radiated gluon decouples from the parent parton. This time period
is called the formation time, τf . Intuitively, τf will be small for soft and non-collinearly
radiated gluons since they can be resolved from the high virtuality parton more easily.
For gluon radiations in a thermal medium, another length scale comes into play: the
mean free path λ. If τf is larger than λ, interferences taking place among successive
scatterings in the medium becomes (destructively) coherent. The overall induced gluon
radiation spectrum will be suppressed. The QED equivalent of this effect is referred to
as the Landau-Pomeranchuck-Migdal (LPM) effect. LPM’s non-Abelian version plays a
crucial role in computing parton energy loss in the QGP2 [166, 167].
To consider soft gluon radiations in the presence of a deconfined plasma, an eikonal
approximation is usually made. This is an assumption that the hard parton has high
enough energy to travel along an unaltered z direction. The medium is modeled as a
collection of static scattering centers in which the kth kick on the jet occur at position
2In this thesis, the LPM effect we refer to is the QCD version of it, unless otherwise restated.
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zk, and |zk+1 − zk| = λ, where λ is the mean free path of the parton in the QGP. There
is a certain scattering potential associated with each interaction between the jet and the
medium. This will lead to induced gluon radiation. The mean free path λ = (ρσel)
−1,
where ρ is the density of the medium and σel is the elastic cross-section for the particle-
medium interaction. For a system of length L, one can define the opacity as N̄ ≡ L/λ,
i.e. the mean number of collisions in the medium.
Coherent multiple inelastic scatterings lead to the LPM effect that is responsible for
destructive interferences and non-trivial reductions of the radiated gluon spectrum. To
get a simple flavor of this effect, consider in QED the amplitude current Jµ(k) of a mass-
less particle that experiences n collisions in spacetime. At xµi , the particle’s momentum


















The radiated photon (γ) spectrum is obtained by squaring Jµ(k)εµ (εµ is the photon’s
polarization vector) and summing over all polarizations, and the final result will be
ωdNγ/d
































can be understood as the minimal time ∼ 1/∆E required to resolve a transverse pho-
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ton/gluon wavepacket of size ∆x⊥ ∼ 1/k⊥ from the wavepacket of the high energy parent
particle. Because on the average, ∆zi ∼ λ, from Eq. (2.11) one can get two extremes:
(1) the incoherent multiple scattering limit where λ τf and (2) the factorization limit
where λ  τf . The incoherent limit will be discussed in the next section. In the factor-
ization limit, the phase factors are ∼ 1, causing cancellations in the sum in |J(k)|2, the
only left-over contributions are the radiations from the initial and final lines. Between
these two limits, the interplay between λ and τf will affect the distribution of radiated
gluons non-trivially. This is illustrated in Fig. 2.1, where τf ∼ 3λ. Physically speaking,
the formation time is the time it takes for the radiated gluon to become on-shell, and




Figure 2.1: Illustration of the LPM effect in a QCD medium of length L. The formation
time τf is around 3 times the mean free path λ. (Taken from [168].)
2.2.3 Gunion-Bertsch incoherent radiation
In the incoherent multiple scattering limit, the mean free path λ is much larger than the
formation time τf , the phase factors in Eq. (2.11) are large and the off-diagonal elements
average to 0. There are then only diagonal components left. Physically, this limit assumes
no interference effects among successive scatterings of the hard parton traversing the
medium (incoherent) and considers the incoming jet being on-shell (asymptotic), in this
way further interferences between the vertex and induced radiation can be neglected. This
limit is the non-Abelian QCD equivalent of the incoherent Bethe-Heitler (BH) limit in
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QED [169]. The gluon spectrum in this regime was first calculated by Gunion and Bertsch











where q⊥ is the transverse momentum transfer from the medium. It is the reference for
any medium-induced radiative jet energy loss computation.




, where y is the rapidity of the gluon,
Eq. (2.13) shows the existence of a central region uniform in rapidity, i.e. a plateau, and
a spectrum that falls as a power-law 1/k4⊥ at large k⊥. To get the final gluon spectrum
from Eq. (2.13), one needs to average over q⊥, for which one needs a distribution of color
dipoles in the medium. More about this will be specified in Section 2.2.5. Just to get a
glimpse at a rough final spectrum, assume the momentum transfer between the parton
and the medium has a probability distribution that resembles a color-screened Yukawa










Here µ ≡ µD is the Debye screening mass of the QGP. In order to regulate the k⊥ → q⊥
and k⊥ → 0 infrared divergences, a physical soft k⊥ scale χ must be determined, it turns
out to be related to the dynamically generated mass that the gluon acquires in a thermal
plasma [170]. Therefore, the incoherent asymptotic gluon radiation spectrum for a hard

















2)((q⊥ − k⊥)2 + χ2)
. (2.15)
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2.2.4 Perturbative QCD energy loss models
Having studied the medium-induced radiative energy loss in the incoherent limit and the
factorization limit, a natural next step is to explore the coherent regime in between. How-
ever, theoretical calculations of radiated gluon spectra in this phase space is significantly
complicated by non-trivial interplays between different physical scales. Complex interfer-
ence effects among vacuum radiation, vertex radiation and gluon rescattering also come
into play.
In the perturbative QCD paradigm, there are 4 major energy loss models on the mar-
ket. They are all based on QCD factorization Eq. (1.47), but differ mainly in assumptions
about the scale hierarchy and the QGP modeling3. Effectively, the calculated energy loss
results in modifications of the vacuum fragmentation functions. In this section, some
general features of these models will be briefly discussed. Comprehensive reviews of these
models and jet quenching in general can be found in [144, 145, 148, 172]. Detailed quan-
titative comparisons among these models can be found in [171, 173].
In the Baier-Dokshitzer-Mueller-Peigne-Schiff (BDMPS) model [145, 174–183], the
radiated gluon distribution is computed in a plasma modeled by static color scattering
centers. A multiple soft scattering (MSS) approximation is imposed, in this limit, the
hard parton is subject to Brownian motion and it experiences a Gaussian diffusion in the









where ρ is the density of the medium and dσ/d2q⊥ is the differential parton-medium scat-
3The differences among these models are not limited to the assumptions of the medium, but extend to
the inclusion of specific features of the medium-induced radiation. In [171], it is shown that the largest
quantitative discrepancies arise from the way approximations are carried out throughout the calculations
and how specific kinematic limits are imposed.
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tering cross-section. Physically, q̂ is the average transverse momentum transfer squared
per unit length and can be expressed as q̂ ∼ µ2/λ. The BDMPS approach is equivalent
to Zakharov’s light-cone path integral (LCPI) formalism for jet energy loss [179–182, 184]
in the dipole approximation. The two frameworks are generally combined together and
be referred to as BDMPS-Z. In the MSS limit, the Armesto-Salgado-Wiedemann (ASW)
[185–188] model implements Poisson probability distributions for the fractional parton
energy loss due to variable quenching weights, convolutes them with the vacuum frag-
mentation functions (FFs), and generates medium-modified FFs.
In the higher twist (HT) model [189–193], the medium-modified fragmentation func-
tion is directly calculated from power corrections to the leading-twist cross-section for
parton scattering processes. The medium-modified FF differs from the vacuum one by
an additive part that is calculated from the medium-modified splitting function which is
connected to the properties of the medium through the jet transport coefficient q̂.
In the Arnold-Moore-Yaffe (AMY) model [102, 194–199], one starts from a well-
defined, thermally-equilibrated QGP made of quark and gluon quasiparticles. Proper-
ties of the medium such as the dispersion relations are given by the hard thermal loop
(HTL) [200–205] approximation in the finite temperature field theory. The distribution
of partons is calculated from the transition rates of parton → parton + gluon, through
a Fokker-Planck like equation using the HTL effective theory and assuming high tem-
perature. This distribution is thereafter convoluted with the vacuum FFs to get the
medium-modified ones.
In the Gyulassy-Levai-Vitev (GLV) model [206–210], the radiated gluon distribution
is formulated as an expansion in opacity. The opacity series can be calculated to an
arbitrary order using a recursive diagrammatic procedure called the reaction operator ap-
proach. The medium is modeled as static color screened scattering centers, its properties
depend non-trivially on the Debye screening mass µ2 and the mean free path λ. The GLV
65
CHAPTER 2. PARTON ENERGY LOSS
approach abandons the MSS approximation, i.e. it computes single hard radiation spec-
trum and uses that to arrive at the full multiple scattering spectrum through a recursive
procedure. After taking into account Poisson energy loss fluctuations, medium modified
fragmentation functions are obtained. Djordjevic and Gyulassy further generalized GLV
to include effects coming from finite quark masses and gluon plasmon masses, and es-
tablished the DGLV theory [170]. The DGLV approach will be the topic for the rest of
this chapter. The foundation of the GLV opacity expansion theory is the Gyulassy-Wang
model, it will be discussed in the next section.
2.2.5 Gyulassy-Wang model
Before one moves on to compute the induced gluon bremsstrahlung in the QGP, some
kinematic approximations generally made by pQCD parton energy loss models referred
to in the previous section shall be noted:
1. Eikonal approximation: both the hard parton energy E and the emitted gluon
energy ω are much larger than the transverse momentum transfer q⊥ ≡ |q⊥| between
the jet and the medium: E  q⊥, ω  q⊥. The physical picture underneath is that
a highly energetic jet will travel through the QGP without changing its direction.
2. Soft approximation: the emitted gluon is soft compared with the parent parton, i.e.
ω  E.
3. Collinear approximation: gluons are emitted at small angles with respect to the
parent parton: ω  k⊥, where k⊥ ≡ |k⊥| represents the transverse momentum of
the gluon4.
4Note the insights gained from the Gunion-Bertsch (GB) limit is that the radiation spectrum has a
power-law tail at large k⊥ that falls off rapidly. On the other hand, the formation time τf = 2ω/k
2
⊥ for
collinearly radiated gluons is more likely to be longer, thus they are more likely to be in the coherent
regime and to make corrections to the incoherent GB spectrum.)
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4. Well-separated scattering centers: the mean free path λ is much larger than the
Debye screening length λD = 1/µ, λ  λD, such that the scattering centers in the
hot deconfined medium are discrete and independent of each other.
Even though the results are valid only within the range of approximations specified
above, the common way to proceed is to extrapolate the computation to the other regions.
This procedure leads to results that must be carefully interpreted, and possible issues must
be addressed at least numerically.
The Gyulassy-Wang (GW) model [166] is the foundation of the Gyulassy-Levai-Vitev
(GLV) [206, 207] energy loss framework. The gluon radiation features of the GLV theory
are all embedded in the GW model. In GW, a Debye color screened potential V ai (~q) with
screening mass µ is introduced in the QGP to model the interaction with a static target
parton (scattering center) localized at ~xi (three dimensional space) and carrying color c:






where T ai ’s are the SU(3) generators in the representation of the target parton i. Under
high temperature and static approximation, the average energy loss per elastic scattering
q0 ∼ qz ∼ g2T can be neglected compared to the average transverse momentum transfer
q⊥ ∼ µ ∼ gT (assuming g  1). In addition, at high T the mean free path λ ∼ 1/g2T
is much larger than the screening length 1/µ ∼ 1/gT , thus the scattering centers are
assumed to be well-separated.
We start by studying a single scattering in the potential Eq. (2.17). The amplitude




i is given by
Mi(pi, pi−1) = 2πδ(p
0
i − p0i−1)Ai(~qi)e−i~qi·~xi , (2.18)
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where ~qi ≡ ~pi−~pi−1. This form is the same as the analogous QED amplitude, except that
Ai carries non-trivial color information,
Ai(~qi) = −2igET aV ai (~qi) . (2.19)
Here T a’s are the SU(3) generators in the representation of the incoming parton/jet
(projectile). From amplitude (2.18), by standard averaging over the initial states and
summing over the final states, we can get the elastic cross section between the jet and the














and where dA = N
2
c − 1 = 8 and C2(P ) and C2(Ti) is the quadratic Casimir of the
projectile and the target parton i, respectively. Note that for quarks CF ≡ C2(3) = 4/3
and for gluons CA ≡ C2(8) = 3.
If we denote an intermediate jet parton propagator by ∆(pi), the amplitude for multiple





×∆(pj−1) · · ·∆(pi)Mi(pi, pi−1) ,
(2.22)
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whereas the amplitude for radiating a gluon with four momentum k, polarization vector
εµ and color c, at the mth intermediate jet line, becomes
M cj,i;m(pj, pi−1; k) ∝
∫
d4pm Mj,m+1(pj, pm − k)
× {∆(pm − k)(gεµpµj T c)∆(pm)}Mm,i(pm, pi−1) .
(2.23)
The latter expression represents a jet that undergoes multiple scatterings in the medium
and radiates one gluon, and the radiation comes from internal jet lines. However, it is
also possible for the radiated gluon to scatter multiple times with the medium, adding
another set of amplitudes that include three gluon vertices. This corresponds to multiple
final state interactions of the emitted gluon (cascading). If the intermediate gluon lines are
on-shell, the cascading becomes classical and the only effect of this is then the broadening
of the final k⊥ radiation distribution.
In the eikonal limit, the total radiation amplitude for n scatterings, Eq. (57)-(59) of
[166] is:













with the effective color current











× (T an · · · [c, T ai ] · · ·T a1) ,
(2.25)
where q⊥’s are medium-induced transverse momenta transfers. From this expression, one
can obtain the spectrum of soft induced gluon bremsstrahlung as the modulus square of
the amplitude averaged over initial and summed over final colors and polarizations. The
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result is the coherent analog of asymptotic incoherent Gunion-Bertsch spectrum [143].
The Gunion-Bertsch radiation spectrum Eq. (2.15) is recovered from the GW model in
the limit n = 1.
The LPM effect in QCD [166, 167] manifests itself in the phase factors of Eq. 2.24.
When squared, |J |2 gives rise to n diagonal terms where the phase factors drop out,
and n(n− 1) off-diagonal terms where the phase factors take the form exp (ik(xi − xj)).
Noticed the similarity between this form and the one in Section 2.2.2, one can immediately
retrieve three limits: incoherent, factorization, and LPM. And all of them have been
extensively discussed in Section 2.2.2 and 2.2.3.
Denote by L the size of the medium (L > λ, λ is the mean free path), one can
immediately see that interference effects are dominant in the region λ < τf < L (τf =
2ω/k2⊥ is the gluon formation time as usual), whereas the incoherent and factorization
limits are obtained in the regions τf < λ < L and λ < L < τf respectively.
2.2.6 DGLV opacity expansion
To establish a pQCD model for calculating medium-induced gluon radiation spectra, be-
sides the kinematic approximations discussed in Section 2.2.5, more assumptions about
the QGP are generally required. Among them are the “thin” and the “thick” plasma
approximation, the two identify very different jet-medium scattering limits. The former
assumes one or several “hard” scatterings for the jet traversing the QGP, while the lat-
ter assumes an infinite number of “soft” scatterings in the medium. There was a simple
estimate from [207] shown that, for relevant conditions at RHIC and the LHC, the mean
number of collisions in the medium, the opacity N̄ = L/λ, is moderate, i.e. N̄ < 10.
Therefore, it is necessary to develop a vastly different approach from multiple soft scat-
tering (MSS) models to handle this realistic “mesoscopic” problem. The problem has been
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successfully solved by the GLV opacity expansion theory [170, 206, 207]. This approach
was later generalized to DGLV [170] to include finite masses of quarks and effective gluon
masses.
Built upon the foundation of the Gyulassy-Wang model introduced in the previous
section, the GLV opacity expansion theory includes various interference effects between or
among: (1) vacuum radiation; (2) vertex radiations; and (3) gluon rescatterings (quantum
cascade). The model is formulated as a series expansion in opacity L/λ, and it provides
an expression of the all-order result in closed form as a sum of integrals. At first order
in opacity, the DGLV integral can be evaluated analytically; at higher orders, the full
integral can only be evaluated numerically, which is performed through order-by-order
iterations.
Fig. 2.2 illustrates a typical diagram involved in deriving the opacity series. In this
figure, Mns,m,l denotes the amplitude that involves ns scattering centers, the gluon is









q1,a1 q2,a2 q3,a3 q4,a4 q5,a5
tt0 t1 t2 t3 t4 t5
σ=(0,0,1,0,1)→ l=(0 2  + 0 2  + 1 2  + 0 2  +1 2   ) ⁄ 2 21 2 3 4 5
Figure 2.2: An amplitude contributing to fifth (and higher) orders in opacity in the GLV
opacity expansion of radiative energy loss. The crosses denote the Debye-screened Yukawa
interactions and the blob at t0 is the initial hard jet amplitude. (Taken from [206].)
However, in order to preserve unitarity, in addition to the single Born scattering
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(“direct”) diagrams as shown in Fig. 2.2, one also needs to include double Born (“virtual”)
diagrams [183] that are composed of contact interactions in which zi−1 → zi. Fig. 2.3 is



























Figure 2.3: The M2,0,0 “direct” diagram that contributes to the second order in opacity,
and its contact limit z1 = z2 (“virtual”) diagram, that can contribute to the first order in
opacity as well. (Taken from [207].)
In the GLV theory, the hard probe is assumed to be produced inside the plasma at
some finite time at position z0
5. The amplitude for this initial hard production and the





εµ and c are the polarization and the color of the radiated gluon respectively. The notation
for this process is G0 = M0,0,0. Note that at the first order in opacity, even if there is only
one scattering in the medium, one can have interference effects between G0 and the first
hard scattering.
The essence of GLV is to organize diagrams into classes of order n in opacity by
defining suitable operators D̂m or V̂m that stand for the insertion of a direct or a virtual
interaction at a scattering center m with implicit summations over all possible kinds of
5As opposed to the Gunion-Bertsch or BDMPS-Z, where the jet is prepared in the remote past.
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δ0,im + δ1,imD̂m + δ2,imV̂m
)
G0 , (2.27)
where im = 0, 1, 2 indicates the exact scattering process occurred at site m. Note that
diagrams in a given class n have different powers of the coupling αs, but if one includes





δ0,imV̂m + δ1,imD̂m + δ2,im
)
G0 , (2.28)
then one can define a “probability” distribution at n-th order in opacity,
Pn = Āi1···inAi1···in . (2.29)
Every term in Eq. (2.29) contributes with at same order, α2n+1s . The “1” power of αs
comes from the gluon radiation vertex and the remaining “2n” powers of αs comes from
the n scatterings. It was first proposed in [207] that Pn can constructed recursively from
classes of diagrams of lower opacities through the “reaction operator”
R̂m ≡ D̂†mD̂m + V̂m + V̂ †m , (2.30)
and such that
Pn = Āi1···in−1R̂nAi1···in−1 . (2.31)
Because of a specific relationship between the operators V̂m and D̂m, the authors in [207]
were able to sum all the probabilities in a closed form recursively. This leads to the final
integral form of inclusive gluon radiation spectra at all orders in opacity.
An important extension of the GLV formalism is to include effects of gluon plasmon
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masses and finite quark masses. Djordjevic and Gyulassy [211] studied the QCD analog
of the Ter-Mikayelian effect in the QGP. This is an effect in which the gluon radiation
associated with hard processes is modified by the dielectric properties of the medium.
It results in an effective mass for the gluon which regulates infrared divergences. They
studied the impacts of this effect on the radiative energy loss, and found that the gluon
propagator can be approximated by using a gluon plasmon mass of mg = µ/
√
2. In [170]
Djordjevic and Gyulassy further calculated the roles of finite quark masses and found that
they modify the GLV radiation amplitudes and phase factors in a simple way. The DGLV












































Here ∆zk = zk − zk−1 represents the distance between the scattering points zk and zk−1
(z0 is the position of the production vertex). CR is the quadratic Casimir of the jet: for
quark jets, CF = 4/3; for gluon jets, CA = 3. The strong coupling constant is αs = g
2/4π.
The “cascade” (related to the rescattering of the radiated gluon), “Hard” (related to
initial hard amplitude Eq. (2.26)) and “Gunion-Bertsch” (related to the incoherent gluon
74
CHAPTER 2. PARTON ENERGY LOSS
radiation Eq. (2.13)) terms are:
C(1···n) =
k⊥ − q⊥1 − · · · − q⊥n







B(i) = H−C(i) ,




2 ≡ 0 and B(n+1···n)(n) ≡ B(n). The inverse formation time Ω is given by
Ω(m···n) =
(k− q⊥m − · · · − q⊥n) + χ2
2x+E
. (2.34)
It controls the LPM destructive interferences6. Note that in the soft eikonal kinematics
(c.f. Section 2.2.5) where DGLV is derived, the 4-momentum for the incoming jet (p), the
radiated gluon (k) and the exchanged gluon (q) are
p = (E,E, 0) = [2E, 0, 0] ,
k = (ω = xEE,
√




q = (q0, qz,q⊥) .
(2.35)
Here parenthesis and square brackets denote Minkowski and light-cone coordinates respec-
tively. The radiated gluon’s fractional energy xE ≡ ω/E and fractional plus-momentum
x+ ≡ k+/E+ are connected via x+ = xE[1+
√
1− (k⊥/xEE)2]/2. Note that in Eq. (2.33)
and (2.34), χ2 = M2x2+ + m
2
g(1 − x+), it encodes the effect of the finite quark mass M
and gluon plasmon mass mg = µ/
√
2.
Note that in Eq. (2.32) the opacity is written in terms of the gluon mean free path
λg rather than the jet mean free path. This simplification comes from the color algebra
6Ω ·∆z is the LPM phase factor.
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known as “color triviality” [207]. It comes as follows: in Eq. (2.32), v̄(q⊥i) is the nor-
malized, static, color-screened Yukawa potential from the GW model (c.f. Section 2.2.5),∫






Therefore, at each order in opacity there is a multiplying factor of σel, and one may expect
to get a complicated combination of jet and radiated gluon elastic cross-sections in the
final sum. However, as shown in [207], after summing all direct and virtual diagrams
and consider CRσg = CAσel (c.f. Eq. (2.20)), one gets a simple factor of CAC2(T )/dA at
each order in opacity. This implies that in the DGLV formula, the opacity is determined
by Nσg/A⊥, where N is the number of scattering centers in the medium and A⊥ is the
transverse area of the medium (perpendicular to the jet propagating direction z). Note
that N = ρ · A⊥ · L and ρσg = 1/λg, where ρ is the number density of thermal quanta
and L is the jet path length along z, the opacity hence becomes L/λg. In general, gluon
elastic cross sections can vary along the jet path, therefore λg(i) appears in Eq. (2.32).
Notice also in Eq. (2.32) that a forward scattering probability δ2(q⊥i) is subtracted
to ensure unitarity; the 1/n! factor acts to avoid double-countings in permutations of the






term is generally referred to as the
“color antenna”.
The total energy ∆E carried away by the emitted gluons is obtained by integrating
the radiation spectrum Eq. (2.32). Assume no further jet-medium interactions, this can
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At first order in opacity (n = 1), assuming no kinematic bounds on q⊥ and k⊥ and










The quadratic dependence of the energy loss on the size of the medium L is a characteristic
of the LPM regime (∆E ∝ L2), this is different from the linear L dependence in the
incoherent limit (∆E ∝ L), i.e. Eq. (2.15). One can tell that when E is large, ∆E(1) is a
subleading effect compared to the vacuum radiation ∆E(0), i.e. Eq. (2.8). This expression












Both demonstrate a quadratic dependence of the energy loss on L.
Compare Eq. (2.6) with Eq. (2.38), one sees that the collisional energy loss is sup-
pressed by one power of αs with respect to the radiative one
7, therefore radiative energy
loss generally dominates. However, for heavy quarks, because of the dead cone suppression
Eq. (2.9), the collisional energy loss will play a significant role. More careful treatments
of this issue led the authors in [164] to go beyond the assumption of static color scattering
centers. This will be discussed in the next chapter.
Moreover, in setting up the DGLV framework, only leading-oder (LO) diagrams are
considered (one external gluon line). Treating the induced gluon radiation as a stochastic
process, multiple gluon emissions are generally taken into account incoherently, and they
are assumed to be distributed following a Poisson ansatz [212, 213]. This will be discussed
in the next section.
7Some physical estimations give dEel/dL ∼ O(2 GeV/fm) and dErad/dL ∼ O(10 GeV/fm) [207].
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2.3 Developments of DGLV
Several crucial improvements over the DGLV theory have been made in the past decade to
address critical phenomenological issues and to make the the framework more powerful in
predicting jet quenching observables in relativistic heavy-ion collisions at RHIC and the
LHC. In this section, effects of multiple gluon emissions, the finite opacity, path length
fluctuations, the dynamical QCD medium, and running coupling will be discussed.
2.3.1 Multiple gluon emission
Generally speaking, there will be more than one gluon emitted in the jet-medium inter-
action process. To account for the multiple gluon emission effect, authors in [212, 213]
proposed that, a simple procedure can be implemented by the opacity expansion model:
incoherently add up the emissions assuming the number of radiated gluons follows a Pois-
son distribution:




In practice, this is carried out as follows: the mean number of radiated gluons 〈Ng〉





gluon radiation can be treated as a stochastic process, and it is applicable to assume a
probability distribution P (ε) for a jet to lose a fraction ε ≡ ∆E/E of its energy in the
QGP, assume zero jet mass, then




fullδ(ε− 1) . (2.41)
This probability distribution is split in three parts: the first term corresponds to the
probability of zero radiation, P null ≡ P0 = e−〈Ng〉. Terms in the summation in Eq. (2.41)
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(x = xn) .
(2.42)
The last term represents the probability of total quenching. In the soft limit, the radiated
gluon energy ω is much smaller than the initial jet energy E, hence x 1. Consequently,
the energy of the outgoing parton E ′ is approximately equal to the incoming parton E.
When xn’s are integrated up to the kinematic limit xn = 1, a leakage error coming from




As an illustration, Fig. 2.4 demonstrates the radiative energy loss probability distri-
bution for single and multiple gluon emissions in the WHDG model [212]. The left panel
shows is the single radiation case and the red curve in right panel is the result with multi-
ple gluon emissions included according to Eq. (2.41). The two have very different shape,
Figure 2.4: Left: the single gluon radiation radiation spectrum. It is equivalent to the en-
ergy loss probability distribution with one gluon emitted, except for proper normalizations.
Right: (red curve) the radiative energy loss distribution assuming a Poisson probability
for multiple gluon emissions. Note its distinctive shape from the single emission case, and
the different tail behavior at large x or (ε). (Taken from [212].)
and the tail behaviors are distinguishable at large x (or (ε)). Multiple gluon emissions
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boost the probability for larger energy loss, as intuitively expected.
The radiative energy loss distribution Eq. (2.41) will be slightly modified in the finite
mass limit, this issue together with the fast Fourier transform techniques for getting the
resulting distribution and the elastic energy loss fluctuations will be discussed in the next
chapter.
2.3.2 Finite opacity
To interpolate between the “thin” (opacity order n = 1) and “thick” (n =∞) plasma limit
and solve the “mesoscopic” problem is one of the most important motivations that led
to the development of the full DGLV opacity series. The “thin” plasma approximation
assumes one single hard scattering and the“thick” plasma approximation assumes an
infinite number of soft scatterings in the medium.
The BDMPS/ASW model [175, 176, 179, 180, 186] studied the induced gluon radia-
tion spectrum in the multiple soft scattering (MSS) limit, i.e. under the “thick” plasma
approximation. Assuming the length of the medium L is much larger than the mean free
path λ, the incoming parton is expected to perform a Gaussian diffusion in the transverse
momentum space. In this model, the jet transport coefficient q̂ determines the medium
effects on the jet, and is in analogy to µ2/λ in the DGLV framework.
One will see that there are several problems in the MSS limit of BDMPS/ASW. Neglect
the kinematic bounds on the gluon transverse momentum k⊥ and integrate it out, the










where the energy of the gluon is ω = xE and Pp→p+g(x) is the splitting function. The z
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is defined as:
z ≡
∣∣ω20∣∣L2, ω20 ≡ −i [(1− x)CA + x2Cs] q̂2x(1− x)E . (2.44)
For small x, one has z ∼ (µ2L2)/(λxE) ∼ L/τf . As shown in [214], one can make a Taylor









z6 − ... . (2.45)
However, it was shown in [214] that the z scaling behavior of the spectrum is violated up to
100%. This scaling violation indicates that the gluon radiation spectrum at intermediate
opacity depends on both the screening mass µ and mean free path λ, rather than only the
ratio µ2/λ ∼ q̂. Moreover, in the Taylor expansion Eq. (2.45)8, the first order in opacity
contribution is missing, i.e. there is no term ∝ z; for comparison, the first hard scattering
in the GLV opacity series is the dominant contribution.
Furthermore, calculations reported in [185] which include the kinematic limits ne-
glected in Eq. (2.43), showed that the BDMPS/ASW approach can fit the experimental
data only by using a enormous q̂ value that is too much larger than the expected q̂ ∼ µ2/λ.
As will be presented later, the GLV solution without the MSS approximation can fit the
data with much more physical opacity parameters. To better understand the differences
between DGLV and BDMPS/ASW, one can compare the radiated gluon k⊥-distribution
from DGLV at various orders in opacity and from BDMPS/ASW in the MSS limit [187].
Fig. 2.5 shows such a comparison for a heavy quark jet with initial energy 20 GeV. Here
one sees how the finite opacity DGLV successfully interpolates between the thin (n = 1)
and thick (n =∞) plasma approximations.
In general, one expect that at when k⊥ is small, the gluon distribution is better
approximated by the Gaussian diffusion of the BDMPS/ASW in the MSS limit; on the
8Curiously, it has only even powers and alternating signs.
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x=0.25, E=20, Mq=4.5, mg=0, L=5, Μ =0.5, Λ=1
n = 0
n = 1
n = 1 + 2 + 3
n = 1 + ... + 5
BDMPSASW









Figure 2.5: The radiated gluon spectrum as a function of k⊥ for a heavy quark jet
of energy 20 GeV, compared to the BDMPS/ASW limit. Colored curves are the DGLV
results at various orders in opacity (in particular, red is the “thin plasma” approxima-
tion), and the black curve is the ASW distribution in the MSS limit (the “thick plasma”
approximation). (Taken from [168], c.f. also [215, 216].)
other hand, one can clearly see in Fig. 2.5 that the DGLV opacity series with n = 5 has
converged to this limit. However, when k⊥ is large, DGLV should better describe the
expected hard power-law tail. In Fig. 2.5 one does see the DGLV spectrum is harder at
high k⊥ than the MSS limit. This suggests that the missing of the first order in opacity
term in BDMPS/ASW causes an unphysical softening of the spectrum for less collinear
gluons, and the inclusion of the first hard scattering in pQCD energy loss models is indeed
crucial.
In this figure one can also see that the dead cone effect at n = 0, i.e. a low multiplicity
for small k⊥ (collinearly emitted) gluons, c.f. Eq. (2.9), and how this dead cone is “filled”
at first order in opacity by the medium-induced gluon radiation. At intermediate to large
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k⊥, the DGLV series at all orders in opacity show a good convergence. One can thus
imagine that as the gluon fraction energy x decreases, the curves with different opacity
orders will converge at an even lower k⊥. This suggests in practice one can compute the
energy loss to the first order in opacity (n = 1), and the final approximate result will
contain only very limited systematic errors compared to the exact result from computing
the opacity series to infinite order, detailed discussions regarding this issue can be found
in [158].
2.3.3 Path length fluctuations
Up to this point all the energy loss frameworks introduced assume a fixed path length
L for jets in the QGP. Apparently this is not a realistic condition, and it may limit the
prediction power for the pQCD model. Therefore, the roles of geometric fluctuations in
the computation of parton energy loss must be studied more carefully.
In the Wicks-Horowitz-Djordjevic-Gyulassy (WHDG) model [212], the effects of these
fluctuations have been systematically investigated within the DGLV framework. There,
geometric path length fluctuations are accounted for as follows: the total energy loss
probability is








⊗ Prad(∆rad;L(~x⊥, φ))⊗ Pel(∆el;L(~x⊥, φ)) .
(2.46)
And L(~x⊥, φ) is the locally determined effective path length of the jet given its initial
production point ~x⊥ in the transverse plane (relative to the beam axis)and its initial
azimuthal direction φ relative to the reaction plane. L(~x⊥, φ) is given by
L(~x⊥, φ) =
∫
dτρp(~x⊥ + τ n̂(φ))/ 〈ρp〉 . (2.47)
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The participant transverse density ρp(~x⊥) is constructed from thickness functions in the
Glauber model with diffuse Woods-Saxon nuclear density profiles [212]9. The left panel
of Fig. 2.6 shows the transverse coordinate (x, 0) distribution of surviving jets moving in
+x direction.
Figure 2.6: Left: The transverse coordinate (x, 0) distribution of surviving pT = 15 GeV,
Q = g,u,c,b jets moving in direction φ = 0 as indicated by the arrows. Right: Distribution
of path lengths traversed by hard scatterers in 0-5% most central collisions. The lengths
L(~x⊥, φ) are weighted by the probability of production and averaged over azimuth. Color
lines are the single, representative path lengths, LQ. (Taken from [212].)
A first observation is that the surviving gluon jets are distributed closer to the edge
than the quark jets. And for surviving quark jets, if ordered by the distance from the
edge, with longer ones come first, the sequence is then: bottom, up, charm10. This is a
clear indication that due to different energy loss probabilities, different flavor jets have
different effective path lengths in the QGP. This hierarchy is reinforced by the color lines
9In principle, on an event-by-event basis, the local density has large fluctuations. As a simplification,
event-averaged, smooth profiles are usually embedded. This will bring very limited uncertainties to energy
loss studies, c.f. e.g. [217, 218].
10Note that the u quark energy loss falls between b and c, which contradicts the naive b, c, u ordering.
This breaking of the mass hierarchy originates from complicated interplays between the color antenna
Eq. (2.33), the LPM effect Eq. (2.34), and the elastic energy loss Eq. (2.6).
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in the right panel of Fig. 2.6.
Furthermore, for a given flavor, telling from the left panel of Fig. 2.6, the distribution
of survived jets deviates significantly from the distribution of initial jet productions. This
is strong evidence that there is a non-trivial distribution of effective jet path lengths
in computing gluon radiation spectra. It comes from the complicated interplays among
the distribution of initial binary collisions, thermal quanta, and energy loss probabilities.
Indeed, this distribution is extracted from DGLV and plotted as a black curve in the right
panel of Fig. 2.6.11
All the above results show that there are strong path length fluctuations in heavy-ion
collisions, and they must be treated with care. This topic will be discussed further in the
next chapter.
2.3.4 Dynamical QCD medium
As proposed by Djordjevic in [164]: “The computation of radiative energy loss in a dy-
namically screened QCD medium is a key ingredient for obtaining reliable predictions for
jet quenching in ultra-relativistic heavy ion collisions. [...] The currently available studies
suffer from one crucial drawback: the medium induced radiative energy loss is computed
in a QCD medium consisting of randomly distributed but static scattering centers (static
QCD medium). In such a medium the collisional energy loss is exactly zero. [...] Recent
calculations showed that the collisional contribution is important and comparable to the
radiative energy loss. The static approximation is thus qualitatively wrong as far as the
computation of collisional energy loss is concerned and should therefore also be revisited
in the context of radiative energy loss.”
To include the effects of the dynamical medium into the parton energy loss theory, di-
11The distribution 1/NbindNbin/dL in the right panel of Fig. 2.6 is a purely geometric quan-
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agrams in the finite temperature QCD framework must be calculated, with Hard Thermal
Loop resummed propagators [200–205] for all gluons. Details of relevant computations
can be found in the original papers [164, 219, 220], in one word, these dynamical effects
result in a change in the mean free path λ and the effective parton-medium interaction
potential π|v̄(q⊥)|2 in Eq. (2.32):

















And the effective dynamical mean free path λdyn is given by λ
−1
dyn ≡ 3αsT . It is related to





[164, 219], it varies
between c(0) ≈ 0.73 and c(∞) = 1.09. For a typical value Nf = 2.5, c(2.5) ≈ 0.84 ∼ 1.
As noted in the original paper [219], the combined effect of an enhanced cross section
and a reduced mean free path leads to a significant increase in parton energy loss within
the dynamical framework.
In the DGLV based CUJET1.0 model developed by Buzzatti and Gyulassy [221], an
effective scattering potential that interpolates between the static and dynamical limit is
included, and gluon radiation spectra are computed at first order in opacity. The rest of
this section will concentrate on discussing the physical impacts of the dynamical QCD
medium on the jet energy loss, based on results from the CUJET1.0 framework [215].
In Fig. 2.7 the comparison between the radiated gluon distribution for a static and a
dynamical plasma of temperature ∼ 250 MeV within CUJET1.0 is shown. The enhance-
ment of energy loss in the dynamical scenario is significant. Fig. 2.8 further shows the
energy loss of the jet as a function of E and L within the CUJET1.0 model. Regardless
of the medium being static or dynamical, there is a transition in ∆E/E from linear to
quadratic L dependence as L increases, and there is a similarity between light and charm
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Figure 2.7: CUJET1.0: Comparison between dynamical (solid) and static (dashed) radi-
ated gluon distribution, computed at first order in opacity. The initial jet energy is 10 GeV
(left) or 100 GeV (right). One sees that the radiation enhancement is strong, especially
for low x gluons. (Taken from [215].)
quark jets across a broad range of energies and path lengths.
From a first look, the enhancement in gluon radiation spectrum coming from dynamical
effects could be equally obtained by the rescaling of the effective coupling αs. However
in [219] it has been suggested that the energy loss is enhanced in a flavor dependent way.
The CUJET1.0 results on the ratio of light to bottom quark energy loss are shown in
Fig. 2.9. Quantitatively speaking, if the suppression of light quark jets is enhanced by
100% in the dynamical medium compared with static one, then for heavy quark jets, this
magnitude is ∼ 110%. This 10% difference is modest, but it plays an indispensable role
in solving the so-called “heavy quark energy loss puzzle” at RHIC. Details about this will
be discussed in the next chapter.
In Section 2.3.2, one sees that the first order approximation to the GLV opacity ex-
pansion is sufficient for computing inclusive gluon radiation spectra. In the presence of
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Figure 2.8: CUJET1.0: The energy loss ∆E/E for light, charm and bottom quark
jets, computed in the dynamical framework at first order in opacity, including fluctuation
effects (solid lines). Opaque curves represent the same dynamical computation without
fluctuation effects. Dashed curves represent the static DGLV results. Left: E = 20 GeV;
Right: L = 4 fm. (Taken from [215].)
dynamical medium effects, it is interesting to explore the convergence of the opacity series
and see whether or not the first order approximation is still valid. To achieve this goal,













where µE = rmµM and N is a normalization factor.
In Fig. 2.10 (c.f. also [222]), the energy loss ratios ∆El/∆Eb for three different rm
values are shown. The DGLV series is computed up to fifth order in opacity. The decrease
in rm diminishes the magnetic screening mass, makes the medium less static, and brings
∆El/∆Eb down. This is consistent with the previous conclusion about the dynamical
medium effect, i.e. it suppresses heavy quarks relatively more than light ones. Higher
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Static




































Figure 2.9: CUJET1.0: Energy loss ratio ∆Elight/∆Eheavy between light and bottom
quarks, for a dynamical (solid) and a static (dashed) potential, including fluctuations.
Left: E = 20 GeV; Right: L = 4 fm. The light to heavy quark energy loss ratio is
suppressed in the dynamical scenario for large L and small E, with ∼ 10− 15% reduction
compared to static DGLV. (Taken from [215].)
order corrections to the n = 1 result are never larger than ∼ 5 − 10%. Fig. 2.10 again
illustrates that the dynamical medium effect depends in a non-trivial way on the energy
and the length of the medium.
2.3.5 Running coupling
The motivation of introducing running strong coupling into computations of inclusive
gluon radiation spectra can be inferred from Fig. 2.11. As one can tell from this figure,
in a general way, for a fixed coupling pQCD energy loss model, after its parameters
have been constrained at RHIC energies, its extrapolation to the LHC energies tends to
underestimate theRAA, i.e. the experimentally observed energy loss is less than theoretical
calculations. Intuitively, since the LHC is probing more ultraviolet (UV) regime hence
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Figure 2.10: Energy loss ratio between light and bottom quarks as a function of L, for
different values of µm = µe, µe/2 and µe/3 (left to right subpanels). Solid lines refer to the
n = 1 approximation, dashed lines show instead computations up to fifth order in opacity.
The left figure assumes E = 10 GeV, the right figure E = 30 GeV. The variation between
n = 1 and n = 5 is never bigger than ∼ 5− 10%. (Taken from [215])
smaller length scales, asymptotic freedom of QCD suggests a weaker coupling should
appear at TeV heavy-ion collisions compared to the sub-TeV ones.
The problem then becomes how to introduce running coupling effects in a specific en-
ergy loss framework. Strictly speaking, for leading-order (LO) pQCD energy loss models
on the market, it is necessary to carry out rigorous next-to-leading order (NLO) calcu-
lations in order to pin down the exact running scales. In [223], the authors proposed a
physically motivated running scheme for the DGLV theory Eq. (2.32) at first order in
opacity. Three distinct physical scales Qi(i = 1, 2, 3) are identified [216]:
1. There are two powers of αs originating from the jet-medium interaction vertices
with the exchanged transverse momentum being q⊥, and for them one can simply
set the scale Q21 = q
2
⊥.
2. There is one power of αs from the gluon radiation vertex. The off-shellness in the
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Figure 2.11: The CUJET1.0/DGLV result of the nuclear modification factor RAA at
RHIC and the LHC. After its αs parameter (fixed coupling strength) has been constrained
at RHIC, the CUJET1.0’s extrapolation to the LHC underpredicts the experimental RAA.
This suggests a necessity for introducing running coupling effects into energy loss compu-
tations. (Taken from [221].)
intermediate quark propagator for the diagram where the gluon is emitted after the
scattering is
Q22 = q












Here k⊥ is the transverse momentum of the radiated gluon, M is the mass of the
on-shell quark and mg is the plasmon mass of gluon. An ambiguity may arise from
other amplitudes, but in the limit when k⊥  q⊥ and mass effects are negligible,
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as in DGLAP radiative splitting.
3. The thermal coupling arises from the Debye mass µ(αs(Q
2);T ) and the gluon plas-
mon mass. One thus set the scale for its running as Q23 = (3T )
212.
In the elastic energy loss sector, one can include running coupling effects following the
work of Peigné and Peshier [162]: both powers of αs in the Bjorken formula for collisional





















Here the limits of t̂ are t̂MIN = µ
2 and t̂MAX = 6ET
13.
One can quantify the running coupling’s influences on jet quenching by using a phe-
nomenological a-b-c model by Gyulassy and Horowitz [224], and later Betz and Gyulassy
[225]. In these works, a simple power law is assumed for jet energy loss
dE
dL
= −κEaLbT 2−a+b , (2.54)
where dE/dL corresponds to the energy loss per unit length for a massless jet passing
though a plasma with local temperature T . The power of T is constrained by simple
dimensional analysis, and for fixed coupling, the index a and b can be set by the asymptotic
12Thermal quanta in the medium have an average energy ∼ NfT ∼ 3T .
13For a projectile with energy E scattering off a target with energy 3T , in the center of momentum
frame, the total energy is
√
2 · E · 3T =
√
6ET . And the momentum transfer should be harder than the
Debye mass µ for a color-screened interaction potential.
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LPM behavior of the GLV model:
∆E ∝ log(E/T )L2T 3 . (2.55)
Obviously, from matching the a-b-c model with this limit, the b parameter is fixed to be
1, and in fact this quadratic dependence ∆E ∝ L2 is general for pQCD radiative energy
loss models. For the range of energies of interest, one can approximate the log (E/T )



















Figure 2.12: The index a(E) in the a-b-c model extracted from different running coupling





running only; Magenta: α2s(k
2
⊥/(x+(1 − x+))) running only; Pink: all couplings run.
(Taken from [216].)
In Fig. 2.12 the values of the index a as a function of the jet energy E, for five
different cases are shown: αs fixed, only αs(4T





⊥/(x(1− x)) running and finally all couplings run. The results are insightful:
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• As expected, the fixed case shows a ∼ 1/3− 1/4.
• By introducing the thermal coupling, only the absolute value of the energy loss is
affected and the energy dependence of the index remains unaltered. The scale at
which the thermal αs is evaluated is in fact independent of E. Not noticeable in
this plot, at very high temperatures the reduced thermal coupling causes a stronger
quenching compared to the fixed coupling case, since the smaller Debye mass di-
minishes the screening in the plasma. This running effect is however small.
• The couplings α2s(q2⊥) and αs(k2⊥/(x+(1− x+)) significantly reduce the dependence
of ∆E on E, and as a consequence the value of the index a gets smaller and closer
to 0. The α2s(q
2
⊥) contribution is smaller since the q⊥ distribution is peaked at small
values of q⊥, as opposed to the αs(k
2
⊥/(x+(1−x+)) contribution which is larger due
to the high tails of the k⊥ distribution.
• The all-running case shows almost no dependence of ∆E on E, and a(E) ≈ 0.
More discussions about the running coupling effect will be carried out in the next
chapter. One will see that it is the critical component for explaining the “surprising
transparency of the QGP” at the LHC [224].
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Azimuthal jet flavor tomography of
QGP
“Tomography refers to imaging by sections or sectioning, through the use of any kind
of penetrating wave. The method is used in radiology, archaeology, biology, atmospheric
science, geophysics, oceanography, plasma physics, materials science, astrophysics, quan-
tum information, and other sciences. [...] In conventional medical X-ray tomography,
[...] make a sectional image through a body by moving an X-ray source and the film in
opposite directions during the exposure. Consequently, structures in the focal plane ap-
pear sharper, while structures in other planes appear blurred. By modifying the direction
and extent of the movement, operators can select different focal planes which contain the
structures of interest.” (Wikipedia, [226].)
Jet tomography is analogous to X-ray tomography except that in this method: the
body of interests is the quark-gluon plasma (QGP); the X-ray is replaced by the jet; and
the focal plane is adjusted through observing different transverse momenta (pT ), pseudo-
rapidities (η), and azimuthal angles (φ) at the detector. It is applied to study the hot
deconfined QCD matter in ultra-relativistic nucleus-nucleus collisions at RHIC and the
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Figure 3.1: An illustration of tomography (upper left, from [226]), X-ray tomography
(upper right, from [227]), jet tomography (lower left, from [228]), ultra-relativistic nucleus-
nucleus collision events at the ALICE detector (lower right, from [229]).
LHC energies. Illustrations of these ideas are shown in Fig. 3.1.
In general, there are two fundamental assumptions in jet tomography: (1) The initial
production of hard jets occurs before the formation of the QGP, and the cross section
for this process can be reliably predicted through collinear factorized perturbative QCD
(pQCD). (2) Thermally equilibrated quarks and gluons have final state interactions, and
jet-medium scattering processes can be calculated via pQCD multiple collision theory.
Based on these, the depletion or quenching of the initial rates of jet fragments as a
function of (pT , y, φ;A, b,
√
s,M)1 can be used to probe the dynamical properties of the
1pT is the transverse momentum, y is the rapidity, φ is the azimuthal angle; A is the nuclear mass
number, b is the impact parameter,
√
s is the center of mass energy, M is the particle mass.
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QGP at short wavelengths2.
3.1 The CUJET2.0 model
The CUJET2.0 model [216] is an extension of the pQCD based DGLV opacity expansion
theory (c.f. Section 2.2.6) for applications to azimuthal jet flavor tomography of the QGP
produced at RHIC and the LHC. Its predecessor CUJET1.0 [215, 221] is a Monte Carlo
code that implemented numerically the DGLV opacity series and featured (1) hybrid
jet-medium interaction potentials that can interpolate between the pure hard thermal
loop (HTL) [200–205] dynamically screened chromo-magnetic and static chromo-electric
screening limits; (2) the ability to calculate high order opacity corrections to radiative
energy loss up to ninth order; (3) full jet path proper time integrations over diffuse nuclear
geometries with Bjorken expansion; (4) inclusions of fluctuating elastic energy loss; (5) the
convolution over numerical tables of
√
s dependent pQCD initial jet production spectra
for all flavors; and (6) the convolution over fragmentation functions and semi-leptonic
decay distributions.
The critical improvements of CUJET2.0 over the CUJET1.0 model include: (1) multi-
scale running strong coupling effects in the DGLV opacity series; and (2) full 2+1D trans-
verse and longitudinal expanding viscous hydrodynamical profiles for the QGP. Applied
to heavy-ion phenomenology, the CUJET2.0 model explained the anomalous high quench-
ing of non-photonic electrons (the “heavy quark energy loss puzzle”, c.f. Section 3.2.1 in
this chapter), and quantitatively described the “surprising transparency of the QGP” at
the LHC (c.f. Section 3.2.2 in this chapter). However, as one will see in this chapter,
CUJET2.0 poses a “high pT v2 puzzle” that applies to all pQCD energy loss models in
general. The solution to this puzzle suggests non-trivial interplays between perturbative
2The term “azimuthal” in the title of this chapter emphasizes the φ dependence, while the term
“flavor” emphasizes the M dependence.
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and non-perturbative aspects of QCD in jet quenching studies, and it will be further
investigated in Chapter 4 and 5.
3.1.1 Dynamical running coupling DGLV
The kernel of CUJET2.0 is the dynamical running coupling DGLV opacity expansion
theory [166, 170, 207, 212, 216, 219, 221]. To arrive at it, one should first take into
account generic spacetime dependent plasma geometries in Eq. (2.32). Consider a jet
created at x⊥0 ≡ (x0,y0) pointing along the azimuthal direction n̂⊥ ≡ (cosφ, sinφ) that
is transverse to the beam axis z, define
z ≡ x⊥0 + n̂⊥(φ)τ = (x0 + τ cosφ, y0 + τ sinφ) (3.1)
as its transverse coordinates after it has traveled a proper time τ ≡
√
t2 − z2 at the speed
of light3. The medium seen by the jet possesses a total quasi-particle number density






dτ ρ(z)σelg (z) , (3.2)

















g (zn) . (3.3)
3Let (t, z) be the time that the jet parton has traveled in the lab frame and the coordinate of it along






E−pz and proper time τ ≡
√
t2 − z2, then t = τ cosh y,
z = τ sinh y, and E =
√
p2T +m
2 cosh y, pz =
√
p2T +m
2 sinh y. For a particle with 4-velocity uµ,
u2 = 1−v2z−v2T , therefore vT =
√
1− v2z − u2 =
√
t2−z2−u2t2
t . If the particle is lightlike, then u
2 = 0 and
vT = τ/t, and its transverse coordinate (x, y) = (vT t cosφ, vT t sinφ) = (τ cosφ, τ sinφ). More derivations
can be found in [230].
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Here L is the jet path length, and the elastic cross section for gluon σelg (z) can be split
into gluon-quark and gluon-gluon terms, i.e.
1
λg










µ2(z) = g2T (z)2 (1 +Nf/6) = 4παsT (z)
2 (1 +Nf/6) (3.5)
is the squared HTL chromo-electric Debye screening mass in an Nf flavor QGP [200,
203]. In Stefan-Boltzmann limit, the QGP is a non-interacting ideal gas, from Bose-
Einstein/Fermi-Dirac statistics, one can obtain the local number density of quark ρq(z)
and gluon ρg(z), i.e.


























Combined the wisdom of the dynamical QCD medium effects in Section 2.3.4 Eq. (2.49)
and the multi-scale running coupling in Section 2.3.5, plug Eq. (2.49) into Eq. (2.32) and
take n = 1, one can arrive at the inclusive gluon radiation spectrum at the first order in
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Here the (fE, fM) are HTL chromo-electric and chromo-magnetic deformation parameters
that interpolate between the static (1, 1) and dynamical (1, 0) limit. CR = 4/3 or 3 is the
quadratic Casimir of the quark or gluon jet as usual. The local temperature is T (z). In
the presence of flow fields with 4-velocity uµf (z), one must boost the energy loss computed
in the co-moving back to the lab frame, and a relativistic correction Γ(z) = uµfujµ must be
multiplied [234, 235], where the flow 4-velocity uµf = γf (1,
~βf ) and null jet parton 4-velocity
uµj = (1,
~βj)
4. E is the energy of the jet in the lab frame. The kinematic bounds for the
transverse momentum of the radiated gluon k⊥ and the transverse momentum transfer
q⊥ is |k⊥| ≤ xEE · Γ(z) and |q⊥| ≤ 6T (z)E · Γ(z) (c.f. Section 2.3.5), respectively. As
in Eq. (2.32), χ2(z) = M2x2+ + m
2
g(z)(1 − x+) regulates the soft collinear divergences
in the color antennae and controls the LPM phase. The gluon plasmon mass mg(z) =
fEµ(z)/
√
2, and the gluon fractional energy xE and fractional plus-momentum x+ are
connected via x+(xE) = xE[1 +
√
1− (k⊥/xEE)2]/2.
In the CUJET2.0 model, Zakharov’s 1-loop pQCD running scheme is used [216, 236,
237]. This running is cutoff in the infrared when the strong coupling strength reaches a
4At mid-rapidity, Γ(z) = γf (1− ~β⊥f · ~β⊥j ) = (1− ufx cosφ− ufy sinφ)/(
√
1− u2fx − u2fy).
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αmax if Q ≤ Qmin ,
4π
9 log(Q2/Λ2QCD)
if Q > Qmin .
(3.9)
where the minimum running scaleQmin is fixed by αmax viaQmin = ΛQCD exp {2π/9αmax} ,
with ΛQCD = 200 MeV. Note that following Section 2.3.5, the one power of αs originating
from the gluon radiation vertex runs with the virtuality k2⊥/[x+(1 − x+)], the two pow-
ers of αs originated from parton-medium scatterings run with the transverse momentum
exchange q2⊥, and the thermal coupling in Eq. (3.5) runs with (3T )
2, i.e.







3.1.2 Elastic energy loss
The assumption that pQCD elastic energy loss is negligible compared to radiative is
questionable. In [156, 157], the authors found that radiative and elastic average energy
losses for heavy quarks were in fact comparable over a very wide kinematic range accessible
at the RHIC. In [212], the authors confirm these previous findings and extend them to the
light quark sector, showing that elastic contributions to the total energy loss can be of the
same order of magnitude of radiative ones. It is then clear that quantitative tomographic
predictions cannot ignore such large contributions to jet quenching, and elastic effects
must be included in any pQCD based parton energy loss models.
In the CUJET2.0 framework, the Thoma-Gyulassy (TG) model [159] is used for the
elastic energy loss. Their work was based on Bjorken’s estimation of collisional energy
loss in the QGP (cf. Section 2.1 in Chapter 2). By using the HTL gluon propagators
that provide a more natural infrared regulator, the TG computation leads to the following
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Where L is the jet path. For ultra-relativistic particles, the velocity v can be approximated
to 1 and the v-dependent factor in parenthesis becomes approximately 1. The integral
over the momentum exchange is infrared finite due to the Debye screening mass in the
denominator, but a maximal momentum kmax must be set in order to screen the otherwise
ultraviolet divergent logarithm. Assuming that the maximal momentum transfer comes
from forward scattering against target particles with average momenta q ≈ 3T is much
smaller than the projectile momentum, the value of kmax is 2pq/(E−p+ 2q) ≈ 6Tp/(E−
p+ 6T ), with p =
√
E2 −M25.
One immediately sees that this model yields a result that is very similar to the Bjorken










The different between them is that a Coulomb log reflecting the more natural momentum














Combined Eq. (3.11), (3.12) and (3.13), taken into account the running coupling effects
in the elastic sector (as in [162], c.f. Section 2.3.5), noted that the hard parton’s local
5Despite its improvement over the Bjorken result, the TG model leaves the ultraviolet region un-
bounded, because the classical calculation has no knowledge about the particle nature of the medium
and particle recoil, which becomes important when the momentum transfer q is large. The hard momen-
tum transfer contribution is more naturally taken into account by Braaten and Thoma in [160, 161], but
relevant analysis shows that the differences in practical applications are almost negligible.
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coordinate z = (x0 + τ cosφ, y0 + τ sinφ), one gets the following equation for collisional
energy loss in CUJET2.0:
d[Γ(z)E(z)]
dτ































T (z)3 . (3.15)
Here CR is the quadratic Casimir of the jet parton (CF = 4/3 for quarks, CA = 3 for
gluons), z and µ(z) is defined via Eq. (3.1) and (3.10) respectively, T (z) is temperature
profile of the medium. To get the elastic energy loss for a hard parton (x0⊥, φ;M,E0),
Eq. (3.14) should be solved recursively to get its E(z), after this has been computed, the
average number of collisions 〈Nc〉 follows from Eq. (3.15).
3.1.3 Viscous hydrodynamical background
The QGP evolution profiles generated from the Glauber model with longitudinal Bjorken
expansion (c.f. Appendix B) are known to be inconsistent with data of soft particle
spectra and harmonic flow coefficients at RHIC and the LHC [238]. As one had seen in
Section 1.2.3, the collective behavior of the hot deconfined QCD matter is well-described
by hydrodynamical simulations with a near vanishing η/s, and this was one of strongest
pieces of evidence that the strongly-coupled QGP is a “perfect fluid”. The value of η/s
approaches the Kovtun-Son-Starinets (KSS) bound 1/4π [114], ranges from 1/4π ∼ 3/4π
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in most viscous hydrodynamical simulations for RHIC and the LHC energies [239]. Albeit
this ratio is small, dissipative effects are non-negligible and it is necessary to take them
into account in hydro simulations6.
The past decade has witnessed significant progresses in the developments of viscous
hydrodynamical models [115, 240–242]. These 2+1D or 3+1D hydro frameworks have
demonstrated remarkable successes in heavy-ion phenomenology. Fig. 3.2 is an example of
the impressive consistency between viscous hydro results and experimental measurements.
Figure 3.2: Results from viscous hydrodynamical simulations show remarkable consisten-
cies with data of low transverse momentum (pT ) spectra (upper panels) and harmonic flow
coefficients (lower panels) of pions, kaons, and protons measured at relativistic heavy-ion
collisions. (Taken from [243].)
In the CUJET2.0 kernel, Eq. (3.8), one can tell that the local quasi-particle number
density ρ, temperature T , and flow velocity uµf of the thermally equilibrated medium all
play important roles in the computation of parton energy loss. Therefore, to achieve the
6Note that it is always the ratio η/s that enters into the equations for damping (not η individually),
as η measures a “force” and s (really sT ) measures inertia.
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goal of doing rigorous azimuthal jet flavor tomography of the QGP and making reliable
predictions about jet quenching observables in ultra-relativistic heavy-ion collisions at
RHIC and the LHC, it is crucial to embed a state-of-the-art viscous hydrodynamical
evolving background in CUJET2.0.
The CUJET2.0 code has adaptive functions for hydro grid embedding, therefore a
wide range of hydro backgrounds can be included in this framework. The current choice
is 2+1D viscous profiles from the VISH2+1 model developed by the Ohio State University
group [238, 241, 244–246]. Generally speaking, hydrodynamic equations arise from the
local conservation of energy and momentum,
∂µT
µν(x) = 0 , (3.16)
where the stress-energy tensor has the decomposition
T µν = εuµuν − (p+ Π)∆µν + πµν . (3.17)
Here ε is the local energy density, and uµ is the timelike, normalized 4-velocity of the
energy flow. The projector ∆µν = gµν − uµuν is transverse to the flow velocity. Π is the
bulk viscous pressure; combine it with the thermal pressure p and one can get the total
bulk pressure. πµν is the traceless shear viscous stress tensor, and πµνuν = 0. In the local
fluid rest frame (LRF), both the second and third term in Eq. (3.17) are purely spacelike.
For ideal fluids, both Π and πµν vanish, and the leftover dynamical fields are ε(x), p(x)
and uµ(x). For dissipative fluids without heat conduction, Π and πµν enter as additional
dynamical variables and in relativistic Navier-Stokes theory, their evolution equations are
given by
Π = −ζ∇ · u , πµν = 2η∇〈µuν〉 , (3.18)
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where these dissipative flows are expressed in terms of the local expansion rate θ ≡ ∇ · u
and velocity shear tensor σµν ≡ ∇〈µuν〉; ζ and η is the bulk and shear viscosity (both ≥ 0),
respectively. ∇µ ≡ ∆µν∂ν is the gradient in the LRF, and ∇〈µuν〉 ≡ ∇(µuν)− 13(∇ · u)∆
µν
where ∇(µuν) ≡ 1
2
(∇µuν +∇νuµ). Eq. (3.18) is a instantaneous identification and leads to
causality problems. To avoid these issues, in VISH2+1 [241], the Israel-Stewart approach
[247] is used, where the new kinetic transport equations are
DΠ = − 1
τΠ
(Π + ζ∇ · u) , (3.19)
Dπµν = − 1
τπ
(πµν − 2η∇〈µuν〉)− 2u(µπν)αDuα . (3.20)
Here D = uµ∂µ is the time derivative in the LRF. τΠ and τπ are relaxation times and
are related to the second-order expansion coefficients in the entropy current. In general
the equation of motion for second order viscous hydrodynamics must be supplemented
by an evolution equation (conservation law) for the baryon current ∂µj
µ = ∂µ(nu
µ) = 0.
These hydrodynamic equations need to be solved together with a given equation of state
(EOS). In VISH2+1, the lattice s95p-v0-PCE (partial chemical equilibrium) EOS [245] is
used, as shown in the left panel of Fig. 3.3. It has a smooth cross-over transition in the
near Tc regime, fits well the thermodynamic quantities from lattice QCD calculations at
high temperature, and recovers the hadron resonance gas (HRG) limit at low temperature
[245, 246].
In the VISH2+1 [244, 246, 248] version adapted by CUJET2.0, MC-Glauber initial
conditions are used, the Cooper-Frye algorithm [131] along a hypersurface of constant
temperature Tf = 120 MeV is utilized to describe hadronic rescatterings, and a sharp
transition from viscous fluids to free-streaming particles is generated in the kinetic freeze-
out process. The input parameters in these viscous hydro simulations are adjusted to
fit final hadron spectra and elliptic flow in low transverse momentum pT < 1.5(2.5)
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Figure 3.3: Left: The EOS used in VISH2+1 (s95p, solid black line) describes well the
lattice results of the trace anomaly. (Taken from [245].) Right: Contour plot for the
evolution of the Knudsen number in VISH2+1 at LHC 20-30% Pb+Pb collisions. Small
Knudsen numbers indicate valid hydro calculations. White points form the kinetic freeze-
out surface at Tdec = 120 MeV. One can tell from its shape that the QGP experiences a
clear transverse expansion. Note that the Knudson number Knθ =
λmfp
Lhydro





GeV/c region in [248]. In particular, experimental data of pion and proton spectra in
√
sNN = 200GeV Au+Au central collisions (0-5% centrality, b=2.33 fm), pion, proton and
charged hadron elliptic flow v2(pT ) in semi-peripheral collisions (20-30% centrality, b=7.5
fm) are compared. With MC-Glauber initial conditions, s95p-PCE EOS and 120MeV
freeze-out temperature, for a QGP with number of quark flavors nf = 2.5, the starting
time τ0 at which the system is sufficiently close to local thermal equilibrium so that viscous
hydrodynamics is applicable is calculated to be τ0 = 0.6 fm/c
7, and the QGP’s shear
viscosity to entropy density ratio η/s is phenomenologically extracted to be η/s = 0.088.
7In CUJET2.0 calculations one sets τ0 = 0.6 fm/c to match the orginal hydro setting. For the pre-
thermal stage one uses a linear scheme, systematic uncertainties resulted from the choosing different
thermalization parametrizations can be found in [231].
8Event-by-event fluctuations as considered in the recent iEBE-VISHNU [238] extension of viscous
hydrodynamics are not included in studies of this thesis. But they will be added to future research with
an event-by-event CUJET4.0 yet to be constructed.
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3.1.4 Fluctuations and convolutions
It has been noted in the DGLV/WHDG framework [212] that fluctuations of radiative
and collisional energy loss both play important roles in making the model predictions
in line with data at RHIC and the LHC. These fluctuations are due to multiple gluon
emissions or multiple parton collisions, and lead to broadened probability distributions
of parton energy loss (c.f. e.g. Section 2.3.1 Fig. 2.4). In this section, the details of how
energy loss fluctuations in the inelastic and elastic sector are considered, as well as how
convolutions over initial jet productions and final jet fragmentations are performed within
the CUJET2.0 model will be discussed.
Fluctuations: radiative energy loss
In the radiative energy loss sector, for multiple gluon emissions, a Poisson ansatz9 is
applied (c.f. Section 2.3.1), i.e. the number of radiated gluons is assumed to follow a
Poisson distribution (c.f. Eq. (2.40)), with the mean number 〈Ng〉 given by the integral








The gluon radiation can be thought of as a stochastic event, and it makes sense to speak of
a probability distribution Prad(ε) of radiating a certain amount of energy ε ≡ ∆Erad/E0:
Prad(ε) = P
null
r δ(ε) + Pr(ε) + P
full
r δ(ε− εmax) , (3.22)
9The exact probability distribution for multiple gluon emissions is an open question. For instance,
Landau used steepest descent method when studying energy loss fluctuations in ordinary matter. The
approximate form been derived as a solution is known as the Gumbel distribution, c.f. e.g. https:
//en.wikipedia.org/wiki/Gumbel_distribution.
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where the maximum energy loss ratio εmax = 1 −M/E010. For simplicity, from now on
the n = 1 superscript of Nn=1g and E subscript of xE will be suppressed. The probability
distribution Eq. (3.22) is split into three components:
The first term corresponds to the probability of zero radiation, P nullr = e
−〈Ng〉.








r (ε) = e
−〈Ng〉 , P1(ε) = P0
dNg
dx










(x = xn) . (3.25)






(x) be Fourier integral pairs, i.e.
P̃i(k) =
∫























10E0 is the initial energy of the incoming jet, and M is the parton mass.
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Practically, the numerical evaluation of Eq. (3.30) uses finite discrete ki and xj series, for
example, ki = −1000 + i (i = 0, 1, · · · , 2000) and xj = jσ (j = 0, 1, · · · , σ−1;σ = 0.0025),











(xj) σ . (3.31)
The dNg
dx
(x) itself is fluctuating because of limited computing power to implement Monte-
Carlo iterations. At large |ki|, this fluctuation is worsened with the highly oscillating
eikixj , and will generate unphysical variations in Pr(ε). However, if take the
∫
dk e−ikε in
Eq. (3.30) into account, one sees components with larger |k| will have less weight in the
evaluation of Pr(ε). Therefore, the exp(...) in Eq. (3.30) smoothfied by a Gaussian with





















with xj = jσ (j = 0, 1, · · · , σ−1). In CUJET, Pr(0) = 0, one uses Eq. (3.32) to calculate
Pr(ε) in the range of 0 < ε ≤ εmax, as well as in the range of εmax < ε ≤ εleak = 1.75 for
numerical purposes.
The third and last term in Eq. (3.22) represents instead the probability of total quench-
110
CHAPTER 3. AZIMUTHAL JET FLAVOR TOMOGRAPHY OF QGP
ing. Under soft approximation, the radiated energy ω is assumed to be much smaller than
the initial jet energy E, and x 1. Consequently, the energy of the outgoing parton E ′
is approximately equal to E. When the {xn} are integrated up to the kinematic limit
xn = 1, a “leakage” error into the unphysical region Pr(ε > εmax) 6= 0 occurs, and this





For the normalization of Prad(ε), the weight of the physical zero quenching probability
Pnull is unchanged, and the probability distribution is rescaled as follows: firstly, the
norm Nrad is calculated from Nrad =
∫ εmax
0
Prad(ε). When doing this integral, the Delta
functions at both boundaries are included. Secondly, the complete Prad(ε) is rescaled
according to Prad(ε)→ 1−e
−〈Ng〉
Nrad
Prad(ε). Finally the coefficient of δ(ε) in Prad(ε) is replace
with zero radiation probability, i.e. 1−e
−〈Ng〉
Nrad
P null → e−〈Ng〉. Through this procedure∫ εmax
0
Prad(ε) = 1 is maintained, and the δ(ε) at the ε = 0 boundary has weight e
−〈Ng〉. If
〈Ng〉 = 0, Prad(ε) = δ(ε).
Note Prad(ε) inherits the dependence of jet production coordinates, parton mass and
energy, and model parameter from dNg
dx
. Thus in CUJET2.0, if written down all depen-
dencies explicitly, then:
Prad(ε) = Prad(ε = ∆Erad/E0; x0⊥, φ;M,E0;αmax, fE, fM) . (3.33)
Fluctuations: collisional energy loss
In the collisional energy loss sector, fluctuations of the elastic scatterings around the
mean were addressed in [212] and [158]. Using a framework generally applied to diffusive
processes that are characterized by a large number of soft collisions, the probability distri-
11In the numerical evaluation, the upper bound is εleak = 1.75 instead of infinity. How sensitive is
the total energy loss probability distribution to this particular choice εleak = 1.75 is subject to future
studies. As a rough estimate, from analyzing the tail of total P (ε) in the right panel of Fig. 2.4, to have
P (εleak) < 0.1P (εmax), εleak = 1.75 would be necessary.
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bution to loose the collisional energy ε ≡ ∆Eel/E0 is represented by a Gaussian centered
around the average 〈∆Eel〉, with variance σ2 = 2 〈T 〉 〈ε〉 /E0. Here 〈ε〉 ≡ 〈∆Eel〉 /E0, and
the average elastic energy loss 〈∆Eel〉 is calculated according to Eq. (3.14),







with T (z)|τ=τmax = Tf , and E(z) is solved recursively from Eq. (3.14) given E(z)|τ=0 = E0.
The average temperature along the jet path is12




dτ T (z) . (3.35)








The first term represents the probability of no collisions, with the average number of
collisions N c calculated according to Eq. (3.15). The second term is the normalized
Gaussian distribution centered around 〈ε〉, withN = 1−e−〈Nc〉. The Gaussian distribution
reaches unphysical regions ε < 0 and ε > εmax, those “leaks” are absorbed into Delta
functions at respective boundaries, and Pel(ε) is rewritten as
Pel(ε) = P
null
e δ(ε) + Pe(ε) + P
full
e δ(ε− εmax) . (3.37)
12Assuming event-averaged, smooth QGP evolution profiles are embedded.
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This equation resembles the definition of Prad(ε) in Eq. (3.22). Here

























here 0 ≤ ε ≤ εmax. For numerical purposes Pe(ε) is calculated in the range of εmax ≤
ε ≤ εleak = 1.75 according to Eq. (3.39). Note that integrating Pel(ε) over 0 ≤ ε ≤ εmax
automatically gives unity. The rearrangement of Eq. (3.37) provides great conveniences
for the convolution of radiative and elastic energy loss probability distributions.
Similar to the radiative sector, the elastic energy loss probability distribution also
inherits the dependence on the jet production coordinates, parton mass and energy, and
model parameter from 〈∆Eel〉 and 〈Nc〉. The explicit dependencies for Pel(ε) has the
form:
Pel(ε) = Pel(ε = ∆Eel/E0; x0⊥, φ;M,E0;αmax) . (3.40)
Convolutions: radiative energy loss ⊗ collisional energy loss
In the CUJET framework, after calculating the radiative energy loss probability distribu-
tion Prad(ε) from Eq. (3.22) and elastic energy loss probability distribution Prad(ε) from





dx Prad(x)Pel(ε− x) . (3.41)
In the CUJET framework, when computing Eq. (3.41), while keeping the δ function
at 0 in each sector fixed, Pr(ε) and Pe(ε) are spread over 0 ≤ ε ≤ εleak = 1.75, and the
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convoluted leak is then absorbed to the δ function at εmax. In this way, rewrite Prad(ε)
and Pel(ε) as
Prad(ε) = e
−Ngδ(ε) + Pr(ε) , Pel(ε) = e
−Ncδ(ε) + Pe(ε) . (3.42)








e−Ncδ(ε− x) + Pe(ε− x)
)




dx Pr(x)Pe(ε− x) .
(3.43)
One may define







dx Pr(x)Pe(ε− x) ,





and Ptot(ε) can be rewritten as
Ptot(ε) = P
null
t δ(ε) + Pt(ε) + P
full
t δ(ε− εmax) , (3.45)
where 0 ≤ ε ≤ εmax. Ptot(ε) is normalized in the usual way, i.e.
∫ εmax
0
dε Ptot(ε) = 1.
Strictly speaking, Ptot(ε) depends on other parameters that are inherited from Prad(ε)
and Pel(ε), and explicitly,
Ptot(ε) = Ptot(ε = ∆Etot/E0; x0⊥, φ;M,E0;αmax, fE, fM) . (3.46)
For simplicity, throughout rest of this thesis the “tot” subscript will be suppressed unless
otherwise reinstated.
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Convolutions: binary distribution ⊗ unquenched spectrum ⊗ energy loss
To get the quenched partonic spectra in AA collisions within CUJET, the pQCD (un-
quenched) partonic spectra in pp collisions is first convoluted with the total energy loss
probability distribution P (ε), then convoluted with the Glauber binary distribution in AA
collisions (c.f. Appendix B). The unquenched partonic spectra in CUJET are generated
from pQCD calculations. In the light sector, the parton production spectrum is based on
a leading order (LO) calculation scaled by a simple K-factor and computed from the LO
pQCD CTEQ5 code of X.N. Wang [249]. In the heavy sector, both next-to-leading order
[250] and fixed-order plus next-to-leading-log (FONLL) [251, 252] computations are used.
In addition to including the full NLO result [253–255], the FONLL calculation re-sums
large perturbative terms with next-to-leading logarithmic accuracy [256]. More details
about the partonic spectra used in CUJET can be found in [231].
Here is a summary of how CUJET computes the quenched partonic spectra in AA:
1. The algorithm starts from a jet created at x0⊥ in the azimuthal plane (with respect
to the beam axis) with azimuthal angle φ and mass M . The distribution of jet
productions in the transverse plane in the AA collision is given by ρbinary (cf. Sec-
tion B). The initial transverse momentum probability distribution P0(pi)
13 of the





Here dσpp→q/dpi represents a generic p+p partonic production spectrum. A range
of discrete transverse momenta [pmini , p
max
i ] needs to be defined for the numerical
computation.
13Note that pi ≡ (pT )i. The “T” (transverse) subscript will be suppressed in this subsection, hence all
pi’s and pf ’s should be interpreted as transverse momenta.
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i ], CUJET computes
the energy loss according to Eq. (3.8)(3.14). This is the most resource- and time-
consuming process, where the full jet path Monte Carlo integral is evaluated over
the expanding plasma and the medium-induced gluon radiation spectrum as well
as elastic collisional energy loss are computed. All the dynamical properties of
the plasma can be specified and their contributions to the energy loss – radiative
and/or elastic – should be considered. Once fluctuations effects are taken into
account – Eq. (3.22),(3.37) – the output takes the form of a distribution function
which represents the probability for a parton with initial transverse momentum pi
(pi =
√
E2i −M2) to lose an energy faction ε (ε = 1−Ef/Ei, E2i,f = p2i,f +M2) (cf.
Eq. (3.45)):
P (ε; pi; x0, φ) = P
null
t (pi)δ(ε) + Pt(ε; pi) + P
full
t (pi)δ(ε− εmax) , (3.48)




3. Once all the {pi} in the range specified have been computed, the {P (ε; pi)} are
converted into a two-dimensional distribution map that represents the probability
of a jet with initial transverse momentum pi to leave the plasma with final transverse
momentum pf :
P (pf , pi) = P (ε; pi)
dε
dpf
= P nullt (pi)δ(pf − pi) + Pt(ε(pf , pi); pi)
pf
EfEi
+ P fullt (pi)δ(pf ) ,
(3.49)
with
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The normalization is such that
∫ pi
0
dpf P (pf , pi) = 1 , (3.51)
which is automatically ensured by
∫ εmax
0
dεP (ε; pi) = 1. In Eq. (3.49) the explicit
dependence on the jet coordinates x0⊥ and φ is dropped.
4. CUJET then integrates over the production spectrum, Eq. (3.47), to obtain the






(pf ; x0⊥, φ) =
∫ pmaxi
pmini




5. Lastly, the quenched partonic spectra in AA collisions as a function of the observed
transverse momentum pf (≡ pT ) and azimuthal angle φ are obtained by integrating








(pf ; x0⊥, φ) . (3.53)
Convolutions: quenched partonic spectrum ⊗ fragmentation function
The quenched partonic spectra in AA collisions can provide useful information about the
jet quenching mechanism, nevertheless, comparisons with data can only be carried out at
the hadronic level. Therefore, quenched partonic spectra in Eq. (3.53) must be convoluted
with a set of fragmentation functions (FFs).
The process that leads to the fragmentation of partons in the medium is not the-
oretically well understood, especially for heavy quarks: dissociation and recombination
theories [257, 258] assume that heavy D and B mesons can be formed within the plasma
and lose additional energy through collisional dissociation, in a similar fashion to what
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has been suggested for heavy quarkonium states [259]. This, however, seems to contra-
dict more recent lattice results [260], which indicate the complete melting of open heavy
flavors occurs at temperature T & 220 MeV.
Since high pT hadrons are of primary interests, contributions from recombination will
not be treated in this analysis. Rather, hadronizations via fragmentations are consid-
ered. This fragmentation will be assumed to take place in vacuum, on a hypersurface
parametrized by µ(~x, τf ) = ΛQCD.







































Here Di→h(z,Q2) represents the probability that a parton i fragments into a hadron h
which carries a fraction z of the parton energy. Q is the scale at which the FF is evaluated,
here it is given by the energy of the parton. Eq. (3.54) is summed over all species i that
fragment into h.
For light quarks and gluons fragmented into pions, leading order KKP functions are
used [130]. For heavy quarks fragmented into D and B mesons (c→ D and b→ B), the
Peterson [261] function with εc = 0.06 and εb = 0.006 is used respectively, as done also
in [262]. While the Peterson FF does not couple well with the FONLL production cross
section [263], it was shown in [262] that similar results are produced anyway even using a
more accurate fragmentation description. Finally for the decay of the heavy mesons into
non-photonic electrons (c → D → e and b → B → e), the same functions as in [263] is
used. The secondary decay D → B → e is also accounted for.
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3.2 Heavy-ion phenomenology
While the multiple ingredients built into CUJET2.0 all have physical origins, this section
will focus on discussing two of the most important ones – they are two critical phenomeno-
logical puzzles in heavy-ion collisions at RHIC and LHC energies – (1) the “heavy quark
energy loss puzzle”, which is an observation that the heavy flavor decay electrons mea-
sured at RHIC experience an anomalously high suppression, and this stimulates more
realistic modeling of the medium properties as well as geometric fluctuations; and (2) the
“surprising transparency of the QGP” at the LHC, which is a statement the that extrap-
olation of pQCD energy loss models from RHIC to the LHC over-predicts the suppression
of light hadrons at the LHC if the QGP opacity scales linearly with the jet path length,
and this is a direct outcome of QCD asymptotic freedom.
3.2.1 Heavy quark energy loss puzzle
To begin, recall the nuclear modification factor RAA that was defined in Section 1.2.6
Eq. (1.48) and Eq. (1.49). RAA is a key observable at RHIC and the LHC, it quantifies
the magnitude of jet quenching in the QGP. It is defined as the ratio of the quenched
hadronic A+A spectrum to the unquenched p+p spectrum scaled according to the number










Here the explicit dependence on the rapidity y and the center of mass energy
√
s are
suppressed. In Eq. (3.55) the azimuthal angle φ in the AA/pp spectrum is integrated out,
the expression is thus azimuthally averaged.
119
CHAPTER 3. AZIMUTHAL JET FLAVOR TOMOGRAPHY OF QGP
Figure 3.4: The heavy quark energy loss puzzle at RHIC. The suppression factor,
RAA(pT ), of non-photonic electrons from decay of quenched heavy quark (c + b) jets
within the WHDG/DGLV model (yellow bands; the lower one includes both radiative and
elastic energy loss, as well as geometric fluctuations) is compared to PHENIX and STAR
measurements in central Au+Au reactions at 200 AGeV. Taking into account both c and b
decay, theoretical results are significantly above the data, suggesting a large underestimate
of the b quark energy loss. (Taken from [212].)
The “heavy quark energy loss puzzle” is demonstrated in Fig. 3.4, where predictions of
high pT non-photonic electrons at mid-rapidity in Au+Au
√
sNN = 200 GeV central col-
lisions from the WHDG/DGLV model are compared with measurements by the PHENIX
and STAR at RHIC [212]. Observations one can make about this figure include: in the
WHDG/DGLV model, while electrons from the decay of c jets have a suppression factor
that is compatible with what is measured at RHIC, after taking into account both c and
b jets, the RAA results are significantly above data, despite the inclusion of collisional
energy losses as well as path length fluctuations.
The above suggest that the b quark energy loss in the QGP is significantly underes-
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timated in the pQCD/DGLV energy loss framework. In Fig. 2.5 and Fig. 2.6, one sees
that the dead cone effect is strong for b quark jets. In a simple fashion, this suppression
comes from the fact the it is harder to kick a heavy quark off-shell thus a reduction will
occur in the radiated gluon spectrum compared with a light quark. Therefore, collisional
energy loss becomes important for heavy flavors.
One sees from Fig. 2.6 that the averaged path length is comparable for u and c quarks,
while both are shorter than that for the b quark. Meanwhile, one sees from Fig. 2.9
and 2.10 that the light to heavy quark energy loss ratio ∆El/∆Eh increases as the length
of a brick medium increases. All these figures indicate the strong influences of jet path
length estimations on the resulting heavy quark energy loss. Bearing this in mind, and
inspecting the WHDG setup for geometric fluctuations, Eq. (2.47), one immediately sees
that because the proper time is integrated to infinity, a overestimation of the path length
may occur in the presence of density fluctuations and transverse expansions, and both
of them are indeed present in the QGP evolution profiles generated from 2+1D viscous
hydrodynamical simulations.
Thus, a first improvement that the CUJET model made over its predecessor WHDG
is that, for the full jet path integration carried out in the radiative Eq. (3.8) and elas-
tic Eq. (3.14), the proper time τ is evolved to a cutoff τmax that is related to a fixed
fragmentation temperature Tf via T (z)|τ=τmax = Tf ,14 and the value of Tf is chosen such
that an agreement with hydro simulations can be reached. Embedded in CUJET2.0 are
the VISH2+1 [244, 246, 248] event-averaged smooth profiles with MC-Glauber initial
conditions, τ0 = 0.6 fm/c, s95p-v0-PCE Equation of State (EOS) with Tc = 160 MeV,
η/s = 0.08, and Cooper-Frye freeze-out temperature 120 MeV [238, 264–268]. The path
integrations
∫
dτ for jets initially produced at transverse coordinates (x0⊥, φ) are hence
14Technically, in the CUJET code, τmax satisfies ∀ 0 < δ <5 fm, T (z(τmax + δ;x0⊥)) < Tf . Both τmax
and δ are in the lab frame.
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cut off at dynamical T (z(x0⊥, φ, τ))|τmax = Tf = 160 MeV hypersurfaces.
The second improvement to solve the heavy quark puzzle is related to the dynamical
QCD medium effects that have been extensive discussed in Section 2.3.4. Here is a brief
summary of the physical picture: static color-screened scattering centers are implemented
in the original DGLV theory, in this setup, the elastic energy loss averages to zero, yet for
heavy quark suppression, because contributions from the collisional sector is comparable
to the dead cone reduced radiative, a medium consists of dynamical quarks and gluons
must be considered using the finite temperature HTL approach [200–205], and the result
is a replacement in the mean free path and in the interaction potential [219]. One can













such that smooth interpolations between pure HTL dynamical and pure static limit can
be realized.
CUJET2.0 has been applied to study the suppression pattern of D mesons, B mesons
and non-photonic electrons at RHIC and the LHC. The open heavy flavor and heavy
flavor lepton nuclear modification factors calculated from CUJET2.0 (αmax, fE, fM) =
(0.26, 1, 0) HTL model are shown in Fig. 3.5. Notice that the (fE, fM) = (1, 0) is the pure
HTL dynamical limit. Here inclusive non-photonic electrons RAA’s in central and semi-
peripheral A+A collisions are compared with experimental data from PHENIX [269] and
STAR [270], and D meson RAA’s are compared with measurements from ALICE [271].
The quenching pattern of heavy flavor decay electrons at Au+Au 200AGeV collisions
calculated from CUJET2.0 (panel (a) and (b) of Fig. 3.5) is in agreements with RHIC
data in central and semi-peripheral centralities. This clearly indicates the solution to
the “heavy quark puzzle” is built intrinsically in the structure of CUJET energy loss
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Figure 3.5: CUJET2.0 explains the strong suppression of heavy flavor decay electrons
at RHIC thus solves the heavy quark energy loss puzzle. Besides, it predicts a unique
hierarchy for the QGP suppressions of jet fragments at RHIC and the LHC, i.e. RAA(pT )’s
B > e > D & h±/π0 ordering at pT < 10 GeV evolves into h±/π0 > B ∼ D at high pT .
(Taken from [216].)
framework. The underlying physics is that the combination of the dynamical medium
effect and elastic energy loss significantly brings down the light to heavy quark energy
loss ratio, and the more realistic modeling of path length fluctuations further reduces this
ratio.
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Besides solving the heavy quark energy loss puzzle, CUJET2.0 predicts a novel crossing
pattern of pT dependent π, D, B, e
− nuclear suppression factors. Compare the left panels
of Fig. 3.5 to Fig. 1 in [221], one finds that despite the inclusion of multi-scale running
couplings and dynamical viscous hydro fields in CUJET2.0, and the crossings of π, D, B,
e− RAA’s in CUJET2.0 occur at about same pT as in CUJET1.0
15. For example, at RHIC
Au+Au
√
sNN =200GeV central collisions, pion RAA intersects D meson, non-photonic
electron, B meson at pT ≈ 9, 19, 24 GeV, and at the LHC Pb+Pb
√
sNN =2.76TeV
central collisions, pion RAA intersects D meson, B meson at pT ≈ 23, 33 GeV. Note all
these pT ’s are within the range of pT < 40 GeV where running coupling effects contribute
significantly to a steeper rising RAA. The running coupling induced change of slope
emerges from pion, D meson and B meson RAA in a similar manner, this is as expected,
because when considering the gluon radiation vertex for running coupling, the mass scale
is small comparing to kinetic terms hence being dropped, cf. Eq. (2.50) and (2.51). The
robust RAA crossings in CUJET also suggests that the mass ordering of π, D, B, e
−
suppression pattern comes intrinsically from the DGLV gluon radiation spectrum and TG
elastic energy loss formula, and the bulk evolution profile has limited effects on this mass
hierarchy.












⊗ P (Ei(pi)→ Ef (pf ))⊗D(q → h) , (3.57)
where Eidσ
pp→q/d3pi is the unquenched partonic pp spectrum, P is the energy loss proba-
bility distribution which is linked to ∆E/E(E), and D is the fragmentation function from
parton q to hadron h. It is of great importance to study which one of the three factors
15Note that the CUJET1.0 results in [221] does not show predictions for e−.
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plays the most critical role in maintaining the robust level crossing pattern for pion and
B meson. In [216] one sees that fragmentation functions do not alter the pT dependent
quenching pattern of light and bottom quark significantly, i.e. RlightAA (pT ) ∼ R
pion
AA (pT ) and
RbottomAA (pT ) ∼ RBAA(pT ), and at the partonic level the crossing between light and bottom
RAA(pT ) already occurred at pT ' 25GeV for RHIC and pT ' 35GeV for the LHC, this
fact suggests the near-negligible contribution of fragmentation functions to the intersec-
tion of RπAA(pT ) and R
B
AA(pT ). Furthermore, one also notices in [216] that at fixed L the
∆E/E(E) for light and bottom do not intersect each other until pT = 50GeV/c, meaning
the influence of partonic energy loss on the crossing pattern is less decisive than initial
pp spectra. Indeed, one observes similar slopes of dσ/dpT (pT ) for light and bottom quark
in the pT range of 10 − 15 GeV at RHIC and 20 − 30 GeV at the LHC. It indicates
the combined effect of partonic energy loss and initial spectra results in the crossing of
RπAA(pT ) and R
B
AA(pT ), and among these two factors the latter is apparently more critical.
We can make several other observations about the flavor dependent quenching patterns
in Fig. 3.5: firstly, RAA for inclusive D meson and pion becomes similar at lower pT at
both RHIC and the LHC. One notices in [216] that the radiative energy loss probability
distribution for charm and light quark almost overlap when jet has reasonably low initial
energy, the similar suppression pattern of D meson and pion in this region would suggest
comparable elastic energy loss probability distribution for them, and the D meson A+A
production spectrum is expected to have a steeper slope at lower pT .
Additionally, CUJET2.0 predicts in Fig. 3.5 that in lower pT region the inclusive
leading B meson is significantly less quenched than pion and D meson, whose RAA tangles
together. This prediction indicates measurements of open beauty spectra in the soft
regime are decisive constraints on a wide range of pQCD energy loss models. Finally, at
the LHC, the RAA’s B > e > D mass ordering at lower pT evolves into e > B > D at
pT ≈ 23 GeV, and RHIC seems to have the same inversion at slightly larger pT but less
125
CHAPTER 3. AZIMUTHAL JET FLAVOR TOMOGRAPHY OF QGP
discernible than the LHC. This mass ordering comes from a complex interplay between
total energy loss probability distribution, and initial production spectra for charm and
bottom jets, and fragmentation functions in the hadronization processes. Since non-
photonic electron spectrum is the combination of B → e, D → e, and B → D →
e channels, the change in mass hierarchy can partially be attributed to a significant
enhancement in the B → D → e channel in certain pT range, this range occurs at lower
pT at the LHC which has a larger multiplicity density and higher temperature than RHIC,
and a semi-exclusive measurement of non-photonic electron productions in AA can thus
be a critical benchmark.
3.2.2 The surprising transparency of QGP
As a representative fixed coupling pQCD energy loss model, WHDG [212] encountered
dramatic challenges in the extrapolation to higher energy regimes probed by the LHC.
First noted in [224], there is a generic “surprising transparency of QGP” phenomenon
for pQCD energy model predictions at LHC, as shown in Fig. 3.6, that after a energy
loss framework’s physical parameters have been constrained using RHIC data, though its
predictions in the LHC low multiplicity events are compatible with data, for the LHC
high multiplicity events they render over-quenched results, and this discrepancy is signif-
icant. Quoting [224]: “The discrepancy challenges the two most basic jet tomographic
assumptions: (1) that the energy loss scales linearly with the initial local comoving QGP
density, ρ0, and (2) that ρ0 ∝ dNch(
√
s, C)/dy is proportional to the observed global
charged particle multiplicity per unit rapidity as a function of
√
s and centrality class, C.”
The scaling between the medium density and event multiplicity is required by the fun-
damental law of particle number conservation. Therefore, the “surprising transparency”
can be translated into: the jet opacity scales weaker than linearly with the medium den-
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Figure 3.6: The WHDG result of the nuclear modification factor RAA at RHIC and the
LHC. After its coupling strength parameter has been constrained at RHIC, the WHDG’s
extrapolation to the LHC underpredicts the experimental RAA. This suggests a neces-
sity for introducing running coupling effects into energy loss computations. (Taken from
[224].)
sity.
Since the jet opacity n̄ = L/λ ∼ Lρσ ∼ Lρα2s, and harder momentum transfers
between the jet parton and the hot deconfined plasma are expected in the LHC high
multiplicity events, a natural way to solve the puzzle of the “surprising transparency”
is to include running coupling effects into the energy loss theory. This effect has been
extensive discussed in Section 2.3.5. And CUJET2.0 Eq. (3.8) has already implemented
such a weakening of the coupling strength at short distances.
Fig. 3.7 shows the comparison between the CUJET2.0 results of the RAA(pT ) of inclu-
sive π0 at Au+Au 200AGeV and h± at Pb+Pb 2.76ATeV and corresponding RHIC and
127













           
(a) Au+Au √sNN=200GeV b=2.4fm
PHENIX 2012 π0 0-5%
PHENIX 2008 π0 0-5%
STAR π0 0-20%
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(b) Au+Au √sNN=200GeV b=7.5fm
PHENIX 2012 π0 20-30%
PHENIX 2008 π0 20-30%
STAR π0 20-40%












(c) Pb+Pb √sNN=2.76TeV b=2.4fm
ALICE h± 0-5%
CMS h± 0-5%
CUJET2.0 π (0.26,1,0) b=2.4fm
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(d) Pb+Pb √sNN=2.76TeV b=7.5fm
ALICE h± 20-30%
CMS h± 10-30%
CUJET2.0 π (0.26,1,0) b=7.5fm
Figure 3.7: Running coupling CUJET2.0 explains the “surprising transparency”: the
π0/h± nuclear modification factors RAA(pT ) at RHIC and the LHC central and semi-
peripheral collisions are consistent with data. (Taken from [216].)
After adjusting αmax = 0.26 to match the calculated pion nuclear modification factor
from CUJET2.0 with the pT = 15GeV/c reference point of experimentally measured
inclusive neutral pion suppression factor from PHENIX 2012 [272] Au+Au 200AGeV
central collisions, the rest of the RAA curve in the range of pT = 5 ∼ 20GeV/c shows
reasonable compatibility with both PHENIX 2008 and 2012 data. More importantly, when
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moving on to simulate RHIC 20-30% centrality collisions by changing solely the impact
parameter to b = 7.5 fm and fixing all other parameters in CUJET2.0, the theoretical
RAA result demonstrates even better agreement with experimental data.
Switching to the LHC data after constraining all CUJET model parameters with
RHIC data, it was known fixed coupling CUJET1.0 encountered difficulties explaining the
surprising transparency of the QGP in the LHC high pT region [221], though this problem
is eased by running coupling CUJET1.0 which has effectively reduced coupling strength
at high energies, the pion RAA’s steep rising and successive flattening pattern at the
LHC remains only partially explained [223]. This issue is fully solved in running coupling
CUJET2.0. As shown in Fig. 3.7(c)(d), at both ALICE and CMS, both central and
semi-peripheral collisions, the CUJET2.0 inclusive pion RAA curves seamlessly explained
both the lower pT steep rising and the high pT saturating behavior of π
0 or h± nuclear
suppression factor16.
To get a mathematically more rigorous best fit αmax in CUJET2.0, the variance per
degree of freedom χ2/d.o.f. must be calculated. As shown in Fig. 3.8, αmax in CUJET2.0 is
varied from 0.20 to 0.35 with 0.01 steps, while the dynamical HTL scenario is maintained
by fixing fE = 1, fM = 0, in such a way the most compatible CUJET2.0 one parameter
(αmax) fit at RHIC and the LHC can be studied, and the consistency of the model at
different
√
sNN ’s can be tested. Fig. 3.8 shows the pion RAA curves with those different
αmax values at RHIC Au+Au 200AGeV and the LHC Pb+Pb 2.76ATeV central (b = 2.4
fm) and semi-peripheral (b = 7.5 fm) collisions. The experimental data being compared
with are PHENIX 2008 [149], 2012 [272] and STAR [273] π0 RAA at RHIC; and ALICE
[274] and CMS [152] h± RAA at the LHC.
In all four panels of Fig. 3.8, focusing on pT < 40 GeV region, when increasing max-
16There are more notable features about the CUJET2.0 results of light hadrons what have been included
here. Extensive discussions about them can be found in [216].
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Figure 3.8: CUJET2.0 results for π0 RAA(pT ), with maximum coupling strength αmax =
0.20 ∼ 0.35 in the dynamical HTL scenario, at RHIC Au+Au 200AGeV (top panels) and
the LHC Pb+Pb 2.76ATeV (bottom panels), central (b=2.4fm, left panels) and semi-
peripheral (b=7.5fm, right panels) collisions. Despite the existence of multi-scale running
coupling, the magnitude of jet quenching monotonically enhances with increasing αmax in
both central and semi-peripheral collisions at both RHIC and the LHC. (Taken from [216].)
imum coupling αmax, there is a monotonic decrease in RAA
17. Note that the saturation
scale Qmin for the running coupling depends solely on the maximum coupling constant
17Very roughly, by eyeball, the magnitude of inclusive hadron suppression has near uniform increment
with an uniformly increasing maximum coupling αmax, with exceptions at relatively large αmax’s where
the spacing between RAA curves becomes smaller.
130
CHAPTER 3. AZIMUTHAL JET FLAVOR TOMOGRAPHY OF QGP
αmax, i.e., Qmin = ΛQCDExp{2π/9αmax}. Take αmax = 0.20, 0.25, 0.30 and 0.35 for exam-
ple, the saturation scale Qmin = 6.56, 3.26, 2.05 and 1.47GeV respectively. At relatively
low αmax, because of the large saturation scale, the strong coupling recovers asymptot-
ically the fixed coupling scenario up to a relatively high energy, this explains the near
uniform increment in the panels. The influence of running coupling is substantial at rela-
tive high αmax where the minimum running scale is low, in that situation the logarithmic
decay of coupling strength resulted from vacuum running shrinks the spacing of RAA’s
more effectively.
A significant phenomenon shows up in the bottom panels of Fig. 3.8 – the flattening
pattern (slope) of RAA in high pT (pT > 50 GeV) region at the LHC is almost independent
of the choice of αmax, this implies the relative insensitivity of RAA saturation to the
running coupling effect, and therefore to a certain extent the influence of running on
the saturation of RAA for ultra-high energy jets can be excluded. Note in [223], the
previous calculation of multi-scale running coupling combined CUJET1.0, whose medium
assumes static Glauber transverse profile plus 1+1D Bjorken longitudinal expansion, did
not exhibit a clear signature of RAA flattening. Therefore, evident RAA saturation comes
largely from the kinematics in a medium with both transverse and longitudinal expansion,
which feature distinguishes CUJET2.0 from running coupling CUJET1.0. A dynamically
transverse expanding medium, for instance a 2+1D viscous hydro fluid, plays a very
important role in the RAA flattening of high pT jet in ultra-relativistic heavy ion collisions,
and shall receive more attention in predicting jet quenching observables in A+A collisions
from pQCD energy loss models.
The eikonal and soft approximation in the dynamical DGLV opacity expansion may
break down in the low pT region, hence for the purpose of calculating χ
2/d.o.f., experimen-
tal results in the range of pT > 8 GeV are used to compare with CUJET2.0 RAA curves.
Note χ2/d.o.f.(αmax) < 2 is an indicative signature of model consistency, and the con-
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Figure 3.9: χ2/d.o.f. versus αmax calculated from Fig. 3.8 at RHIC and the LHC central
and semi-peripheral collisions. Data from pT > 8 GeV is used for safer preservation
of DGLV’s basic eikonal and soft approximations. The αmax ranges for χ̃
2 < 1 and
χ̃2 < 2 (χ̃2 ≡ χ2/d.o.f.) at RHIC and the LHC are shown in Table 3.1. If allowing 1.5
standard deviations per d.o.f., interpreting from the average curve, the most consistent
CUJET2.0 HTL model at both RHIC and the LHC has αmax = 0.25− 0.27. If let average
χ2/d.o.f. < 2, then αmax = 0.23− 0.30. (Taken from [216].)
strained αmax range should be independent of whether pT > 5 GeV or pT > 8 GeV is
chosen as long as the minimum pT is sufficient for preserving basic assumptions of the
CUJET2.0 model and number of points being selected at high pT is large enough. Hence
for safer comparisons pT > 8 GeV is chosen, and Fig. 3.9 shows χ
2/d.o.f. vs αmax at
RHIC (PHENIX08+12+STAR [149, 272, 273]) and the LHC (ALICE+CMS [152, 274]),
in both central (b = 2.4 fm) and semi-peripheral (b = 7.5 fm) collisions18. And for better
analyzing χ2/d.o.f. curves in Fig. 3.9, detailed αmax ranges with χ̃
2 < 1 and χ̃2 < 2
(χ̃2 ≡ χ2/d.o.f.) at RHIC and the LHC are listed in Table 3.1.
18Note that in statistical analyses most often χ2 is studied rather than χ2/dof. The σ error is given by
the location of the parameter values where χ2 increases above the minimum value by n2, i.e., n σ error at
χ2 = χ2min +n
2. In CUJET2.0 analyses, experimental systematic and statistical errors must be included,
therefore χ2/dof is computed.
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αmax RHIC χ̃
2 < 1 LHC χ̃2 < 1 RHIC χ̃2 < 2 LHC χ̃2 < 2
b = 2.4 fm 0.28-0.32 0.24-0.27 0.26-0.35 0.23-0.28
b = 7.5 fm 0.23-0.29 0.23-0.25 0.22-0.31 0.22-0.27
Table 3.1: Compilation of αmax values at RHIC and the LHC for two different centrali-
ties. (Taken from [216].)
The combination of Fig. 3.9 and Table 3.1 provides quantitative information about
the consistency of CUJET2.0 HTL model in various A+A collision configurations. One
sees that if χ̃2 is strictly constrained to be less than 1,19 for b = 2.4 fm central collisions,
CUJET2.0 results at RHIC and the LHC have 0.01 offset in αmax, and for b = 7.5 fm semi-
peripheral collisions, the results are in perfect agreements with RHIC and the LHC at
αmax = 0.23−0.25 range. One also notices that the averaged best fit αmax value at RHIC
and the LHC in semi-peripheral collisions is around 0.03 lower than central collisions, and
at either centrality the best fit the LHC αmax is approximately 0.03 lower than RHIC.
These observations will trigger useful analysis in Section 3.4.
At current stage, in the CUJET2.0 HTL scenario, if restrict separate maximum χ̃2 to
be 2, one finds that the intersecting αmax range for all four collisions at RHIC and the
LHC, i.e. Au+Au 200AGeV and Pb+Pb 2.76ATeV mix with b = 2.4 fm and b = 7.5 fm,
is αmax = 0.26− 0.27. This range of αmax (0.26− 0.27) coincides almost ideally with the
range interpreted from χ̃2 < 1.5 for the average curve in Fig. 3.9 (αmax = 0.25 − 0.27),
indicating the CUJET2.0 model’s rigorous consistency at varied A+A collisions, spanning
a broad range of
√
s and b20.
Based on all the above discussions, one can conclude that from testing CUJET2.0
HTL scenario’s agreement with centrality dependent neutral pion and charged hadron
19The expectation value of χ2/d.o.f.is 1 for a good fit, but with fluctuations about 1 of order
√
2/d.o.f..
Therefore in principle, determining the statistical significance of the parameters requires knowledge of
both χ2 and d.o.f..
20Note that the similar curvature of the RHIC and the LHC χ2/d.o.f.(αmax) parabolas at both cen-
tralities may play the role of a circumstantial evidence of the consistency of CUJET2.0, but this requires
that the d.o.f. at RHIC and the LHC are about the same.
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suppression factors at RHIC and the LHC in the mid-rapidity region, the maximum
coupling constant in the model is constrained to αmax = 0.25− 0.2721, in which range the
averaged χ2/d.o.f. is strictly less than 1.5; if allow average χ2/d.o.f. < 2, then αmax =
0.23− 0.30.
3.3 Jet transport coefficient
The suppression of hadrons at large pT results from scatterings of the leading parton
with color charges in the thermal medium. This process can be characterized by the jet
transport coefficient q̂, defined as the average transverse momentum exchange squared
per unit path length. CUJET2.0 treats thermal excitations in the homogeneous QCD
medium as partonic quasi-particles, and the quark jet transport parameter q̂ in CUJET2.0
is related to the (partonic) effective differential scattering cross section via








ρeff(T ) , (3.58)
where the energy E and temperature T dependence comes in naturally from the partonic
kinematics and the plasma density. In CUJET2.0, q̂ depends also on the maximum strong
coupling constant αmax, as well as chromo-electric and chromo-magnetic HTL screening
mass deformation parameters (fE, fM), all of which originate from the effective cross

















21Note that the small αmax value originates partially from the fact that µ
HTL
E ∼ gT and µM = 0 are
less than the lattice QCD results (cf. e.g. [275]) which have µE ∼ 2µHTLE and µM ∼ µE/2.
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where the Debye mass µ(T ) = T
√
4παs(9T 2)(1 +Nf/6). Note that from the derivation
in Appendix A, in the Stefan-Boltzmann limit, the quasi-particle number density n =
ζ(3)
π2
(16 + 9Nf )T




a quark jet, and if gluons dominate, ρeff ≈ 2T 3.
Following the above the CUJET2.0 jet transport coefficient q̂ (for a fundamental light
quark jet) is calculated with αmax = 0.25 ∼ 0.2722 in the dynamical HTL fE = 1, fM = 0
limit. The variations of the dimensionless jet transport parameter q̂/T 3 with energy E
































Figure 3.10: The dimensionless jet transport coefficient q̂/T 3 calculated in CUJET2.0
according to Eq. (3.58)(3.59) with parameters αmax = 0.25 − 0.27, fE = 1, fM = 0 When
E is fixed, the decrease of q̂/T 3 with the rising T follows approximately a logarithmic
law. When T is fixed, the logarithmic E dependence of q̂/T 3 at high energy region comes
naturally from the kinematic limit of the exchanged transverse momentum. (Taken from
[216].)
As shown in the right panel of Fig. 3.10, for an idealized static equilibrium QGP with
22These parameters are derived in the previous section through rigorous χ2/d.o.f. consistency tests at
various A+A collision configurations.
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fixed temperature T, the average transverse momentum transfer squared per unit length
between the quark jet and dynamical scattering centers shows a logarithmic dependence
on initial jet energy, if the T 3 contribution from the medium density is factored out. This is
expected from the kinematic limit of transverse momentum exchange, i.e. (q2⊥)max = 6ET
in Eq. (3.58). As one can tell, if Eq. (3.59) substituted into Eq. (3.59) and evaluated with
fE = 1, fM = 0, then q̂ ∝ T 3 log(1 + 6ETµ2 ).
On the other end, as shown in the right panel of Fig. 3.10, for a light quark jet with
fixed initial energy E, the dimensionless jet transport coefficient q̂/T 3 drops logarithmi-
cally at an reducing rate as the temperature rises and reaches the high T region. This
behavior first indicates that in CUJET2.0, as T increases, the absolute q̂ itself increases
since d(T 3/ log T )/dT > 0, but it gains slightly slower than medium density (ρ ∝ T 3).
One immediately sees that this characteristic is exactly consistent with the observed “sur-
prising transparency” of the QGP that has been extensively discussed in the Section 3.2.2.
The flattening of q̂/T 3 versus T is expected from the Debye mass µ’s temperature depen-
dence, i.e. µ(T ) = T
√
4παs(4T 2)(1 +Nf/6). The thermal running effect has negligible
contributions to the T dependence of q̂/T 3 until T is high, at such high T the logarithmic
reduction of the coupling strength will weaken the linear increase of the Debye mass with
the increasing temperature.
It is also shown in the left panel of Fig. 3.10 that, for an initial quark jet with energy
E = 10 GeV, in the typical temperature range reached by RHIC for most central Au+Au
collisions, i.e. 180 ∼ 370 MeV, CUJET2.0 has q̂/T 3 ≈ 3.8; in the typical temperature
range reached by the LHC for most central Pb+Pb collisions, i.e. 300 ∼ 470 MeV,
CUJET2.0 has q̂/T 3 ≈ 3.5. Both values are consistent with not only LO pQCD estimates,
but also the jet transport parameters extracted from other models such as HT-BW, HT-
M, MARTINI and McGill-AMY in the JET collaboration [228] fitting to the same set of
experimental hadron suppression factors at RHIC and the LHC A+A central collisions
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[276]. This is demonstrated in Fig. 3.11 [276].
Figure 3.11: Results of the jet transport coefficient q̂ from the JET collaboration. The
temperature dependence of the scaled q̂/T 3 in different jet quenching models for an initial
quark jet with energy E = 10 GeV is plotted. Besides the q̂/T 3 computed from pQCD
energy loss models in the JET collaboration, the arrows indicate the range of temperatures
at the center of the most central A+A collisions, the dashed boxes indicate expected values
in A+A collisions at
√
sNN = 0.063, 0.130, 5.5 A · TeV, the triangle indicates the value
of q̂N/T
3
eff in cold nuclei from deep inelastic scattering (DIS) experiments, the two arrows
on the right axis in the right panel indicate values of q̂NLOSYM/T
3 from next-to-leading order
(NLO) supersymmetric Yang-Mills (SYM) theory. (Taken from [276].)
In this figure, values of q̂ at the center of the most central A+A collisions at an initial
time τ0 = 0.6 fm/c in HT-BW and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and the LHC. In GLV-CUJET,
MARTINI, and McGill-AMY models, it is calculated within the corresponding model
with parameters constrained by experimental data at RHIC and the LHC.
Combining all 5 models and treating their variations as theoretical uncertainties, one
can extract the range of q̂ values constrained by the measured RAA(pT )’s of single hadrons
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4.6± 1.2 at RHIC ,
3.7± 1.4 at LHC .
(3.60)
At the highest temperatures reached in most central Au+Au 200 AGeV collisions at RHIC
and Pb+Pb 2.76 ATeV collisions at the LHC. The corresponding absolute q̂ is
q̂ ≈
 1.2± 0.31.9± 0.7 GeV2/fm at
T = 370 MeV ,
T = 470 MeV .
(3.61)
Note these values are for 10 GeV quarks jet at initial time τ0 = 0.6 fm/c,
23 they are
very close to BDMPS-Z estimate [175] and are consistent with leading order (LO) pQCD
estimates. CUJET, MARTINI and MCGILL-AMY models all show logarithmic temper-
ature dependences. As a comparison, the value of q̂N in cold nuclei extracted from jet
quenching in DIS is 0.02-0.06 GeV2/fm [277]. It is an order of magnitude smaller than
the q̂/T 3 Eq. (3.60) in A+A collisions at RHIC and the LHC.
There are attempts in lattice gauge theories to calculate q̂ as well. In [278–280],
it is found that nonperturbative contributions from soft modes in the collision kernel
double the value of the NLO pQCD result for the jet quenching parameter24. Besides
lattice QCD, there are other nonperturbative estimates with which one can compare the
extracted values of q̂ with. From the Anti-de Sitter/Conformal Field Theory (AdS/CFT)
correspondence, the q̂ in an N = 4 SYM plasma at the strong coupling limit (’t Hooft
coupling λ = g2SYMNc →∞) has been calculated at LO (neglecting corrections of O(1/Nc)










log2(3×0.37/0.2) ≈ 1.4, and
q̂RHIC/q̂LHC ≈ 1.4× (0.37/0.47)3 ≈ 0.7.
24In CUJET, NnLO effects can be included by replacing the screened potential for parton scatterings
with parameterized collision kernels that include both perturbative and nonperturbative contributions.
This will be discussed in Chapter 5.
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λT 3SYM . (3.62)
Taken into different degrees of freedom in three-flavor QCD and Nc = 3 SYM, through
matching the local entropy density, one can get T 3 ≈ 3T 3SYM. Thus q̂LOSYM/T 3 ∼ 7.2− 8.6,
it is significantly above the extracted q̂/T 3 from pQCD models25. More on this will be
discussed in Chapter 5.
The values of q̂ have other implications26. As one already known, the QGP produced
in heavy-ion collisions is a strongly interacting matter [94] whose collective flow is known
to be well described by relativistic hydrodynamics with a negligible shear viscosity, and
perturbation theory may not be applicable to study interactions in such a medium which
is not dominated by quasi-particles. In [282], the authors derived a general expression
relating the jet quenching parameter q̂ with the shear viscosity η of a weakly coupled QGP,
and the deviation from this relation is conjectured to be a more broadly valid measure
of “strong coupling” of the medium than considering solely the shear viscosity divide by




≈ 1.25T 3/q̂ for weak coupling ,
 1.25T 3/q̂ for strong coupling .
(3.63)
In high energy region where the QCD coupling is supposed to be weak, the simplified
CUJET2.0 q̂ calculation from Eq. (3.58) and (3.58) shows q̂/T 3 ≈ 3.7 for typical temper-
atures reached by RHIC and the LHC, and 1.25T 3/q̂ ≈ 4.2/4π. This value is larger than
25NLO calculations of q̂ however are ∼ 50% lower compared with LO results, cf. e.g. [276].
26Note from Fig. 2.5 that q̂ASW ≈ q̂GLV/2 by missing the first order in opacity. This means to fit RHIC
and LHC data, q̂ASW must be artificially increased. It also suggests that high-pT jets are sensitive to
the mesoscopic finite opacity and the semi-hard n = 1 power law tail of the gluon radiation spectrum
dNg/dxdk⊥.
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the KSS quantum limit η/s = 1/4π [114]27.
NLO pQCD may be one way to remove this discrepancy, however recent calculations
show only a 50% increase in q̂ at NLO [283–287]. On the other hand, even if the weak-
strong coupling consistency in Eq. (3.63) can be reached through (Nn)LO calculations,
since (Nn)LO corrections apply to all temperature range, overestimates of jet energy loss
in heavy-ion collisions at RHIC and the LHC are guaranteed. One can thus see that this
discrepancy implies deeper physics among non-perturbative aspects of QCD, and this is
one of the key motivators for studies in Chapter 5.
3.4 The high pT v2 puzzle
Previous discussions in this chapter haven been focused on the overall suppression magni-
tude of jets in the hot deconfined medium formed in high energy A+A collisions, i.e. the
nuclear modification factor RAA (defined in Eq. (3.55)). The azimuthal angle dependence
of the parton energy loss is however averaged out in this case. To quantify the anisotropy
of the radiated gluon spectra, azimuthal harmonic coefficients defined in Eq. (1.38) must
be taken into account. Specifically, the second Fourier coefficient – the azimuthal elliptic
asymmetry v2, that characterizes the energy loss difference between jets traveling along
in reaction plane directions and out-of reaction plane directions, is of particular interests.
In the light quark sector, Fig. 3.12 shows the data of v2 versus RAA for charged hadrons
or neutral pions with specific pT ’s at different centralities in Au+Au
√
sNN = 200 GeV
collisions at RHIC [288]. The Geometric Radiative Energy Loss (GREL) model and the
Molnar Parton Cascade (MPC) model results with varying effective coupling strengths
are plotted as the red solid curve and the blue dashed curve. Neither curve goes through
27Note that η/s  1.25T 3/q̂ does not show up in this case, which is as expected since in computing
the q̂ in CUJET2.0, a weak coupling HTL QGP is assumed such that pQCD is applicable. On a separate
note, the VISH2+1 with MC-Glauber has η/s = 0.08 ≈ 1/4π, which value is extracted from fitting to
hadron spectra and harmonics at low pT .
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Figure 3.12: Both the Geometric Radiative Energy Loss (GREL) model and the Molnar
Parton Cascade (MPC) model are not able to simultaneously describe the RAA and v2 data
from PHENIX/STAR (Au+Au
√
sNN = 200 GeV) no matter how one tunes the effective
coupling strength (along the red solid and blue dashed curve respectively) [288].
the data points (both curves are below data). This implies for high pT light hadrons, while
most energy loss models may be able to explain their RAA’s, they generally underestimated
their v2’s.
In the heavy flavor sector, Fig. 3.13 shows a data-model comparison for D meson RAA
and v2 simultaneously. One can immediately see from the comparison for RAA and v2
that it is challenging to simultaneously describe the large suppression of D mesons in
central collisions and their anisotropy in non-central collisions. In general, models that
are best in describing RAA tend to underestimate v2 and the models that describe v2 tend
to underestimate the measured RAA at high pT .
Combining the above results, one sees that the dilemma of simultaneously describing
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Figure 3.13: Comparisons between recent ALICE measurements and pQCD/transport
models for average D-meson v2 in 30%-50% centrality and RAA in 0-20% centrality Pb+Pb
√
sNN =2.76 TeV collisions. (Taken from [289].)
high pT hadrons’ RAA and v2 at RHIC and the LHC is present in both the light hadron and
heavy flavor sector. Since RAA’s in central collisions are normally chosen as the reference
for constraining parameters of energy loss models, the consequent near-universal ∼ 50%
underestimation of v2 at large transverse momentum in peripheral collisions among these
pQCD models is referred to as the “high pT v2 puzzle”.
This is the topic that will be extensively discussed in this section. One will see that
the solution to this puzzle requires a jet-medium coupling with non-trivial temperature
dependence, and this is a hint for the dramatic role that non-perturbative aspects of QCD
play on the “as if purely perturbative” jet quenching.
3.4.1 Azimuthal elliptic anisotropy
The vn’s defined in Chapter 1 Section 1.2.3 Eq. (1.38) concentrated on the “soft” aspects
of the azimuthal harmonics, i.e. the low pT particle anisotropic collective flows that are
key observables related to the formation of QGPs in relativistic heavy-ion collisions. It
is intuitive to imagine that with a large impact parameter for an A+A event, the region
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of interest gains an increasingly asymmetric shape, and in a strongly coupled medium,
the pressure gradients due to this initial azimuthal anisotropy effectively transfer into the
collective flow of its components. On the other end, from the principle of jet tomography,
these collective behaviors will be “seen” by the hard eikonal partons, therefore the “hard”
aspects of these anisotropies, i.e. vn components at high pT , in fact characterize the
asymmetries of jet energy loss in the medium. For this reason they are referred to as
“azimuthal anisotropies”, such that being distinctive from low pT azimuthal collective
flows.
The different types of azimuthal anisotropies are quantified in terms of Fourier com-

























Here dNh/dypTdpTdφ represents the number of hadrons of species h observed at rapidity




coefficients vn depend on the initial rapidity density dNi/dy. And dNi/dy is a function of
the energy
√
s and centrality b of the collision.
Generally speaking, in the transverse plane with respect to the beam axis, the anisotropies
generated from non-central A+A collisions is centrosymmetric if there are no fluctuations,
and odd number Fourier components hence drop out. Among all harmonics, the azimuthal
elliptic anisotropy v2 is the most important one, and it is also the one that is least sen-
sitive to fluctuations. Therefore, a systematic study of single particle v2 can provide
critical information about the jet-medium interaction mechanism as well as properties of
the QGP.
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3.4.2 The a-b-c model
To explore the solution to the high pT v2 puzzle, the phenomenological a-b-c model [224,
225, 291] introduced in Section 2.3.5 is an appropriate starting point. This model, albeit
a simplified power law representation of the parton energy loss, can provide quantitative
information about the interaction between the jet and the hot deconfined medium. Recall
that in the a-b-c model, the energy loss is parameterized as (cf. Eq. 2.54)
dE
dL
= −κEaLbT 2−a+b . (3.65)
As noted in [224, 225, 291], approximately speaking, a = 0 is the elastic limit, a = 1 is
the pQCD radiative limit, and a = 2 is the strong coupling AdS/CFT limit. In [291],
the a = 1 “pQCD” energy loss model with κ constrained by RHIC and the LHC RAA is
utilized to study the high pT v2 and results are shown in Fig. 3.14.
One can see that the ∼ 50% underestimation of high transverse momentum v2 in the
heavy flavor sector again appears in the light sector, and energy loss fluctuations influence
only minimally the azimuthal elliptic anisotropy. Since the a-b-c model characterization
of different energy loss mechanisms is almost generic, one thus expect the high pT v2
puzzle to be a universal problem for all pQCD based jet energy loss models in computing
the flavor dependent azimuthally anisotropic gluon radiation spectra.
3.4.3 Path-dependent coupling
To visualize more clearly the simultaneous fit to high pT particle suppression patterns and
azimuthal elliptic asymmetries, one can calculate the RAA with two distinctive azimuthal
directions. The typical choice of the azimuthal angle set is the in reaction plane φ = 0
and the out of reaction plane φ = π/2. The corresponding angle-wise nuclear suppression
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Figure 3.14: The a-b-c model study of high pT RAA and v2 for light hadrons at the LHC
with parameter a = 1 simulating the pQCD radiative energy loss limit. The bulk QGP
flow fields are from η/s = 0.08 VISH2+1 viscous hydro simulations. After parameters
are constrained using reference RAA, the model underestimates the high pT v2 by ∼ 50%.
(Take from [291].)
factors RinAA and R
out
AA are defined as:











































The AA, pp superscript and Nbinary has the same meaning as in Eq. (3.55). Since the p+p





















|φ=φ0 , where φ0 is







. Neglecting fluctuations by setting odd number
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= RhAA (1− 2v2 − 2v4 · · ·) .
(3.67)
In CUJET2.0, the pion’s RinAA and R
out
AA in the mid-rapidity region for pT up to 18 GeV/c
is calculated for Au+Au 200AGeV central and semi-peripheral collisions, and compared
with corresponding PHENIX [272] data28. The results are shown in Fig. 3.15.
In Section 3.3, the maximum coupling constant αmax in the CUJET2.0 HTL scenario
has been constrained to be 0.25 − 0.27, this range of αmax renders the most consistent
pion RAA at RHIC Au+Au
√
sNN = 200GeV and the LHC Pb+Pb
√
sNN = 2.76TeV
central and semi-peripheral collisions through stringent χ2/d.o.f. calculations. However,
the RinAA and R
out
AA for αmax = 0.26 in both panels of Fig. 3.15 have smaller gaps than the
PHENIX measurements, indicating over-isotropized high pT single inclusive pion spectra
in the model, despite mean values that are in agreement with data.
Nevertheless, one notes in Section 3.3 that, Fig. 3.9 and Table 3.1 suggest, when
χ2/d.o.f. < 129, αmax has a non-negligible range which varies for different collisions. Tak-
ing advantage of this flexibility, CUJET2.0 may create reaction plane dependent pion
quenching patterns which are compatible with experiment measurements30. To be rigor-
28In principle, better comparison with experiments can be achieved by integrating over the same ∆φ
window of measurements of RAA with respective to reaction planes. However, due to limited computing
power, we have to stay with the faster way of computing RAA in-plane/out-plane, i.e. evaluating the
spectra at φ = 0, π/2. The effect of window size will be explored in future works, on an event-by-event
basis, it may contribute non-trivially.
29Note that when computing χ2/d.o.f., the experimental errors taken into account are the statistical
and systematic errors combined in quadrature. And strictly speaking, the systematic errors should be
separated into the part that varies in common for all points and the part that varies point-to-point.
30Allow at most 10% variations in αmax and choose αmax = 0.26 R
in
AA and αmax = 0.29 R
out
AA for b = 2.4
fm, αmax = 0.23 R
in
AA and αmax = 0.26 R
out
AA for b = 7.5 fm can generate a compatible reaction plane
dependent suppression pattern for pion, and all these αmax values fall within respective χ
2/d.o.f.< 1 and
χ2/d.o.f.< 2 entries in Table 3.1.
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PHENIX π0 0-10% ∆φ=0-15°
PHENIX π0 0-10% ∆φ=75-90°
























PHENIX π0 20-30% ∆φ=0-15°
PHENIX π0 20-30% ∆φ=75-90°












Figure 3.15: CUJET2.0 pion RinAA (∆φ = 0
◦, dashed curves) and RoutAA (∆φ = 90
◦,
solid curves) versus pT for Au+Au 200AGeV b = 2.4 fm (left panel) and b = 7.5 fm
(right panel) calculated in the HTL (fE, fM) = (1, 0) scenario with maximum coupling
constant αmax varies from 0.20 to 0.35 in 0.03 steps. Theoretical results are compared
with PHENIX [272] π0RAA in Au+Au collisions at
√
sNN = 200 GeV with centrality 0-
10% and reaction plane ∆φ = 0−15◦ (left panel, dashed black), 0-10% and ∆φ = 75−90◦
(left panel, solid black), 20-30% and ∆φ = 0 − 15◦ (right panel, dashed black), 20-30%
and ∆φ = 75− 90◦ (right panel, solid black). (Taken from [216].)




AA in Figure 3.15 using
pT > 8 GeV, which pT range matches the choice in Section 3.3, the results are shown in
Figure 3.16.
One finds that in the left panel of Figure 3.16, for b = 2.4 fm central collisions at
RHIC, in the CUJET 2.0 HTL scenario RinAA is best fitted by αmax = 0.26 − 0.27, while
RoutAA is best fitted by αmax = 0.28− 0.30. In the right panel of Figure 3.16, for b = 7.5 fm
semi-peripheral collisions at RHIC, RinAA is best fitted by αmax = 0.23 − 0.25, while RoutAA
is best fitted by αmax = 0.26− 0.27.
If one chooses αmax = 0.26 R
in
AA and αmax = 0.29 R
out
AA for b = 2.4 fm, αmax = 0.23
RinAA and αmax = 0.26 R
out
AA for b = 7.5 fm, the CUJET2.0 results are able to reach perfect
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PHENIX π0 0-10% ∆φ=0-15°
















PHENIX π0 20-30% ∆φ=0-15°
PHENIX π0 20-30% ∆φ=75-90°
Figure 3.16: χ2/d.o.f. versus αmax calculated from Fig. 3.15 at RHIC Au+Au
√
sNN =
200GeV central b = 2.4 fm (left panel) and semi-peripheral b = 7.5 fm (right panel)
collisions. PHENIX [272] π0RAA with reaction plane ∆φ = 0−15◦ (red) and ∆φ = 75−90◦
(blue), and centrality 0-10% (left) and 20-30% (right) are the experimental references.
(Taken from [216].)
agreements with RHIC RinAA and R
out




AA)/2, this set of
αmax’s effectively generates RAA with αmax = 0.275 at b = 2.4 fm and αmax = 0.245
at b = 7.5 fm. Based on Figure 3.9 and Table 3.1, one sees that the χ2/d.o.f. for the
average RAA resulting from this αmax sequence is: RHIC b = 2.4 fm, χ
2/d.o.f. < 1.5;
RHIC b = 7.5 fm, χ2/d.o.f. < 131; LHC b = 2.4 fm, χ2/d.o.f. < 1.5; LHC b = 7.5 fm,
χ2/d.o.f. < 1 – the χ2/d.o.f. for average RAA with these αmax’s in the CUJET2.0 HTL
scenario is strictly less than 1.5 in all four collisions. That means this modest variation in
αmax is intrinsically allowed by the CUJET2.0 model without jeopardizing its consistency
with averaged hadron RAA’s in various collision configurations.
Notice among this set of αmax parameters, for both b = 2.4 fm and b = 7.5 fm, the









31In fact if one has χ2/d.o.f. consistently less than 1 one may overestimate the experimental errors in
the data if a systematic error common to all points is treated as a point-to-point error).
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in αmax for b = 2.4 fm and b = 7.5 fm is 0.03 (which surprisingly coincides with the
RHIC and the LHC averaged αmax gap discussed in Section 3.3). The maximumly 10%




AA, b = 2.4 fm and b = 7.5 fm imply that the anisotropic
path averaged effective coupling strengths can be originated from local effects.
In addition, the ordering of αmax in terms of averaged path length is noteworthy: at
τ0, the length of the medium in b = 2.4 fm and b = 7.5 fm collisions along φ = 0
◦ and
φ = 90◦ direction can be approximately ordered as 7.5fm+0◦ < 7.5fm+90◦ ≈ 2.4fm+0◦ <
2.4fm+90◦, and the best fit αmax in corresponding situations is 0.23 < 0.26 = 0.26 < 0.29.
It means that within CUJET2.0, longer path length requires stronger coupling in order
to predict the correct high pT single particle v2.
After constrained the azimuthal anisotropy in CUJET2.0 at RHIC, the natural next
step is to test the model consistency with RinAA and R
out
AA for the LHC Pb+Pb 2.76 ATeV
central and semi-peripheral collisions.
Assuming no fluctuations in the azimuthal plane, recall that Eq. (3.67) suggests RinAA
andRoutAA depend solely on even harmonics. If one further assumes higher order components
have much smaller magnitude compared to v2 and hence can be dropped, one gets
RinAA(pT ) ≈ RhAA (1 + 2v2) ,
RoutAA(pT ) ≈ RhAA (1− 2v2) ,
(3.68)













In CUJET2.0, results of pion v2’s using Eq. (3.69) for RHIC Au+Au
√
sNN = 200GeV
and the LHC Pb+Pb
√
sNN = 2.76TeV, central b = 2.4 fm and semi-peripheral b = 7.5
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PHENIX Au+Au 200AGeV π0 0-10%
CUJET2.0 π (0.26,1,0) ∆φ=0° & (0.29,1,0) ∆φ=90°



























PHENIX Au+Au 200AGeV π0 20-30%
CUJET2.0 π (0.23,1,0) ∆φ=0° & (0.26,1,0) ∆φ=90°



























ALICE Pb+Pb 2.76ATeV h± 5-10%
ATLAS Pb+Pb 2.76ATeV h± 0-10%
CMS Pb+Pb 2.76ATeV h± 0-10%
CUJET2.0 π (0.26,1,0) ∆φ=0° & (0.29,1,0) ∆φ=90°



























ALICE Pb+Pb 2.76ATeV h± 20-30%
ATLAS Pb+Pb 2.76ATeV h± 20-30%
CMS Pb+Pb 2.76ATeV h± 20-30%
CUJET2.0 π (0.23,1,0) ∆φ=0° & (0.26,1,0) ∆φ=90°
















Figure 3.17: CUJET2.0 pion single particle anisotropy v2(pT )in Au+Au
√
sNN =
200GeV (top panels) and Pb+Pb
√
sNN = 2.76TeV (bottom panels), central (b = 2.4 fm,
left panels) and semi-peripheral (b = 7.5 fm, left panels) collisions at mid-rapidity are
compared with corresponding PHENIX [294], ALICE [292], ATLAS [293] and CMS [107]
measurements. The maximum coupling constant αmax is varied from 0.20 to 0.35 with
0.01 steps in the CUJET2.0 HTL scenario. After allowing 10% variations of αmax along
different jet paths, CUJET2.0’s v2’s (dashed black) arrive at an excellent consistency with
the LHC measurements in both central and semi-peripheral collisions.
fm collisions are shown in Fig. 3.17, and corresponding ALICE [292], ATLAS [293], CMS
[107], and PHENIX [294] data are compared.
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χ2/d.o.f. (b = 7.5 fm) v2, RHIC v2, LHC RAA, RHIC RAA, LHC
αinmax = 0.23, α
out
max = 0.23 3.72 43.03 0.93 0.73
αinmax = 0.26, α
out
max = 0.26 2.06 24.89 0.23 1.06
αinmax = 0.23, α
out
max = 0.26 0.50 4.92 0.42 0.54
Table 3.2: χ2/d.o.f. for v2 and azimuthally averaged RAA in semi-peripheral b = 7.5
fm collisions at RHIC Au+Au
√
sNN = 200GeV and the LHC Pb+Pb
√
sNN = 2.76TeV,








max) in the CUJET2.0
HTL scenario. Reference curves are shown in Fig. 3.8, Fig. 3.15, and Fig. 3.17.
Fig. 3.17 shows that if varying solely the maximum coupling constant αmax from 0.20 to
0.35 with 0.01 steps in the CUJET2.0 HTL scenario, none of the theoretical curves matches
the single pion v2 at both Au+Au 200AGeV and Pb+Pb 2.76ATeV, central and semi-
peripheral collisions. Nevertheless, due to the non-negligible influence that anisotropy
and heterogeneity/inhomogeneity have on the jet-medium interaction, local effects can
alter the CUJET2.0 framework significantly.
By choosing αmax = 0.26 R
in
AA and αmax = 0.29 R
out
AA for b = 2.4 fm, αmax = 0.23
RinAA and αmax = 0.26 R
out
AA for b = 7.5 fm in the HTL scenario, one has effectively con-
strained the CUJET2.0 model at RHIC with assumed azimuthal αmax anisotropy caused
by possible local temperature field effects. The top panels of Fig. 3.17 show the conse-
quential single pion v2’s at RHIC central and semi-peripheral collisions are compatible
with respective experimental measurements, as expected. More importantly, one extrap-
olates the same CUJET2.0 framework (with azimuthal dependence of αmax) to the LHC
and calculate the single particle v2 using the same αmax parameter set, theoretical results
demonstrate an even better agreement with ALICE, ATLAS and CMS data, in both cen-
tral and semi-peripheral collisions (particularly the latter, cf. Table 3.2). Note that the
choice of αinmax = 0.23, α
out
max = 0.26 significantly reduces the χ
2/d.o.f. for v2 at both RHIC
and the LHC, especially the latter one. Meanwhile, this set of αmax parameters maintains
almost perfect agreements with both RHIC and the LHC for azimuthally averaged RAA.
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The consistency, of the open heavy flavor and heavy flavor lepton’s single particle
azimuthal anisotropy calculated in the same CUJET2.0 framework (with azimuthal vari-
ations), with experimental measurements can shed light on the underlying physics for this
azimuthal variation of path averaged coupling strength 32.
A mini-summary of Section 3.4.3: in the CUJET2.0 framework, by allowing the path
averaged maximum coupling constant αmax to increase by 10% from in reaction plane to
out-of reaction plane paths one can get a 100% boost in the high pT particle azimuthal
anisotropy, and bring theoretical results to be compatible with data. This suggest a
non-trivial temperature dependence of the jet-medium coupling, especially in the near-Tc
regime. This suggests the importance of considering non-perturbative aspects of QCD in
the seemingly “purely perturbative” jet quenching problem.
3.4.4 Near Tc enhancement
The path dependent coupling found in the previous section to account for the anomalously
large high pT v2 in non-central heavy-ion collisions indicates a surprising sensitivity of
the jet-medium coupling to the local QGP temperature. In reality, quenching is not
proportional to the matter density, but a non-trivial function of it. In the study of [295],
the authors show that there is a geometric limit for v2: the observed asymmetry should be
less than some value v2(large pT, b) < v
max
2 (b) provided by the geometry of the overlapping
region of two colliding nuclei (shown in the right panel of Fig. 3.18). They further show
a layer-wise geometric limit for v2, that is, if one slices the (expanding) fireball into shells
32Note that by allowing azimuthal variations of the coupling strength (the origin of the azimuthal vari-
ation of the coupling strength will be discussed in following chapters), the prediction power of CUJET2.0
model is not jeopardized. It has been shown that by fixing αmax for in-plane/out-of-plane at RHIC, the
extrapolation of R
in/out
AA (pT ) to the LHC is in agreement with data. That means one can use CUJET2.0
to fit RHIC at a particular centrality, then extrapolate it to predict the LHC, or vice versa. Moreover,
provided the built-in mass hierarchy in the CUJET2.0 model, one can extrapolate vπ2 (pT ) to predict
vD,B,e
−
2 (pT ) at various centralities at both RHIC and the LHC.
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with a certain entropy density range, the anisotropy has an upper bound in each section,
and results are shown in the left panel of Fig. 3.18.
Figure 3.18: Left: The v2 obtained for each entropy shell at different centralities. Right:
vmax2 for high pT hadrons calculated at different Npart compared with available RHIC data.
(Taken from [295].)
One can tell that different entropy density (or temperature) shells possess different
azimuthal anisotropies as the QGP evolves, among them, the near Tc shells are most
significant. They will contribute differently to the final observed high pT v2. The right
panel of Fig. 3.18 shows the hard hadrons’ v2 computed from assuming all jet quenching
would be due to two different single entropy shells: one near Tc and one at high T . The
authors of [295] found that the former results in a larger v2 than the latter. This layer-
wise study suggests that the large high pT v2 indicates the observed jet energy loss should
weigh more on the near Tc regime compared to the high T regime, and it is possible when
the jet-medium coupling sees a strong enhancement when the temperature gets close to
Tc.
Fig. 3.19 shows the simple jet quenching study from [295] that if one assumes near
sc (equivalent to Tc) enhanced parton-medium coupling strengths as in the left panels,
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Figure 3.19: The two schemes for coupling strengths with near Tc enhancements on the
left can both explain the high pT hadrons v2 in simplified jet quenching model. (Taken
from [295].)
one can boost the v2 for high pT hadrons to be in line with data. This near Tc enhanced
coupling has been applied to a recent jet quenching study with the a-b-c model, and it is
shown in Fig. 3.20 that the pQCD limit a = 1 can explain the high pT light hadrons v2
quantitatively if a near Tc enhanced coupling κ is utilized.
A natural question to ask is where is exactly the origin of this near Tc enhancement
in the jet-medium coupling. One notices that in the vicinity to Tc, complicated QCD
phenomena like the confinement/deconfinement transition and chiral symmetry break-
ing/restoration that are related to non-perturbative asepcts of QCD will happen. What
may contribute to a strongly enhanced jet-medium scattering amplitude in the near crit-
ical QGP will be the topic for next chapter.
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Figure 3.20: Azimuthal jet tomography at RHIC and the LHC assuming a pQCD-like
jet-energy loss in the a-b-c model Eq. (3.65) and a jet-medium coupling κ(T ) showing an
exponential temperature-dependence with (q = 0) and without (q = 1) additional jet-energy
loss fluctuations considering the bulk QGP flow fields from VISH2+1. Panel (a) shows
the RAA for most central collisions as well as their in- and out-of-plane contributions at
RHIC, panel (b) shows the RAA(pT ) at the LHC, and panel (c) shows the high-pT v2 at
the LHC. (Taken from [291].)
3.5 Conclusions
Here is a brief summary of this Chapter: the pQCD based azimuthal jet flavor tomography
model, CUJET2.0, that features dynamical running coupling DGLV opacity series coupled
with 2+1D viscous hydrodynamical backgrounds is introduced. Within the CUJET2.0
framework, one finds that:
1. Solutions to the “heavy quark energy loss puzzle”, i.e. the anomalously strong
suppression of heavy flavor decay electrons measured in central A+A collisions at
RHIC, are intrinsically integrated in the framework of CUJET, through the inclusion
of dynamical QCD medium effect, realistic geometry fluctuation, elastic energy loss,
and energy loss fluctuations.
2. CUJET2.0 explains the “surprising transparency of the QGP” at the LHC, i.e.
the jet opacity scales weaker than linearly with the medium density, through the
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inclusion of multi-scale running strong coupling in the DGLV opacity expansion
theory.
3. The scaled jet transport coefficient q̂/T 3 calculated from CUJET2.0 along with
extracted q̂/T 3’s from HT-BW, HT-M, MARTINI and McGill-AMY models fitting
to the same set of experimental hadron suppression factors at RHIC and the LHC
A+A central collisions constrained the value of this crucial transport parameter to
a small window [276].
4. The ordering of π, D, B, e− RAA’s at the same pT is rigorously encoded in the flavor
dependent jet quenching structure of the DGLV opacity expansion combined with
TG elastic energy loss, and a transverse expanding medium has minor effects on
this mass hierarchy.
5. CUJET2.0 predicts a less quenched B meson RAA which is well above D meson and
pion at 5 GeV < pT < 15 GeV, as well as a transition of RAA’s mass ordering from
B > e− > D at pT < 15 GeV to e
− > B > D at pT & 25 GeV.
6. A “high pT v2” problem exists universally in pQCD based jet quenching models, i.e.
in both the light and heavy flavor sector, after one has constrained the energy loss
model parameters with RAA data, the high pT hadrons v2 will be underestimated
by ∼ 50%. In CUJET2.0, it is found that if one allows the path averaged coupling
strength to be enhanced by 10% from in reaction plane to out-of reaction plane
paths in non-central A+A collisions, one can get a 100% boost in the high pT
particle v2, and bring theoretical results to be in line with data. This extreme
sensitivity of the azimuthal anisotropy on path averaged couplings suggests that the
jet-medium interaction has a non-trivial dependence on the local temperature of the
QGP, especially in the near-Tc strong-coupling regime. And it further suggests the
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importance of taking into account non-perturbative aspects of QCD in the “seemly




As we have seen in the previous chapter, to solve the high pT v2 puzzle in perturbative
QCD based energy loss models, a path dependent coupling that is extremely sensitive to
local temperature of the QGP is required. This sensitivity suggests that the jet-medium
interaction behaves non-trivially in the QCD phase transition regime near the critical
temperature Tc. There the QGP is strongly coupled and is govern by non-perturbative
components of QCD. These point to the necessity of more careful considerations of QGPs
in the confinement/deconfinement transition region near Tc in the “as if purely perturba-
tive” jet quenching studies.
Meanwhile, we have also seen from the simplified phenomenological study of the high
pT hadrons v2 in [295] that the large azimuthal anisotropy data imply an enhanced parton-
medium interaction near Tc. The natural question is what is the microscopic origin of this
near Tc enhancement. A promising candidate is the emergent chromo-magnetic monopoles
within the magnetic scenario for strongly-coupled quark-gluon plasmas (sQGP) [296]. The
main goal of this chapter is to introduce this view of finite temperature-density QCD
that is based on a competition between electrically charged quasi-particles (EQPs) and
magnetically charged quasi-particles (MQPs).
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This scenario will be one of the key ingredients in building up the perturbative-
nonperturbative hybrid CUJET3.0 jet energy loss framework in Chapter 5, where we
will see a robust solution to the high pT v2 puzzle and more importantly a quantitative
reconciliation of the perturbatively inconsistent soft and hard transport properties in the
QGP.
4.1 Magnetic Scenario for sQGP
In the electro-magnetic (E-M) seesaw scenario [297] as shown in Fig. 4.1, the QGP has
both an electric component and a magnetic component, the two components have their
own constituent masses, coupling, and densities, these properties change with the tem-
perature T and the baryon chemical potential µ, and they dominate in different regimes
of the QCD phase diagram. In the sQGP regime, the magnetic components are dominant
and are correlated. This is called the magnetic scenario for sQGP.
This E-M seesaw scenario is different from traditional approaches that centered around
confinement/deconfinement phenomenon and dividing the temperature regimes into con-
fined or hadronic phase at T < Tc and deconfined or QGP phase at T > Tc. It focuses
on the competition between EQPs and MQPs and divide the QCD phase digram into
the “magnetically dominated” regime for T < TE=M and “electrically dominated” regime
T > TE=M , assuming the key aspect of the physics involved is the coupling strength of
both electric and magnetic interactions. Therefore on the T − µ plane, the divider for
these regimes is the E-M equilibrium line. One notices that the condition
e · g = 1→ e = g = 1 (4.1)
is a line indicating equal magnetic and electrical coupling which also satisfies the Dirac
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Figure 4.1: A schematic phase diagram on a plane of temperature T and baryonic
chemical potential µ. The (blue) shaded region shows the “magnetically dominated” region
g < e, which includes the electrically confined hadronic phase as well as postconfined part
of the QGP domain. The light region includes the “electrically dominated” part of QGP
as well as the color superconductivity (CS) region, which has electrically charged diquark
condensates and therefore magnetically confined. The dashed line called “e=g line” is the
line of electric-magnetic equilibrium. The solid lines indicate true phase transitions, while
the dot-dashed line is a deconfinement cross-over transition line. (Taken from [297].)
quantizaiton condition [298]. In this equilibrium regime, both electric and magnetic quasi-
particles have comparable densities and masses, however the E-M duality is not exact
because EQPs are quarks or gluons and with spin 1/2 or 1 while MQPs are spherically
symmetric “hedgehogs” without any spin [299].
The “magnetic-dominated” low-T and low-µ region can be subdivided into the confin-
ing part at T < Tc where electric fields are confined into quantized flux tubes surrounded
by condensates of MQPs forming ’t Hooft-Mandelstam “dual superconductor” [300, 301],
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and a new “post-confinement” region at Tc < T < TE=M where EQPs are still strongly
coupled, correlated, and connected by electric flux tubes. In this picture QCD string-
related physics is not terminated at T = Tc, it is at its prime there instead. If one in-
creases T and/or µ and thus leaves this “magnetic-dominated” region and passes through
the E-M equilibrium line, one either enters the high-T “electric-dominated” QGP or a
color-electric superconductor at high-µ replacing the dual superconductor where diquark
condensates replace monopole condensates. The new phase diagram based on this view-
point is illustrated in Fig. 4.1. In the following sections the underlying physical picture
will be discussed in more details.
4.2 Electric-magnetic dualities
The E-M seesaw scenario is stimulated by the electric-magnetic dualities in supersym-
metric (SUSY) theories. The original motivation for studying the SUSY QFT was to
remove the perturbative divergence and solve the hierarchy problem. A wide range of of
nonperturbative phenomena have been discovered in this context, however their relevance
to QCD-like theories is neither understood nor explored in a deep fashion. Studies of
instantons in these theories provide one with tools like the exact beta function, and these
have allowed Seiberg to derive the complete phase structure of supersymmetric QCD in
[302]. Following up on this, in the context of N = 2 SUSY gauge theories, Seiberg and
Witten [303, 304] were able to show how the physical content of the theory changes as
a function of the Higgs vacuum expectation values (VEVs) in a moduli space of possible
vacua. Singularities in moduli space were identified as phase transitions where one of the
MQPs will become massless. Seiberg and Witten found a set of dualities, explaining where
and how a transition from one language to another, e.g. from “electric” to “magnetic”
to “dyonic”, can explain in a simple and natural way what is happening at respective
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regions of the moduli space.
One of the most important lessons one can learn from these results is what happens
with the strength of electric coupling e and magnetic coupling g near the phase transition.
As T decreases, monopoles become light and even massless at some point, the “Landau
zero charge” in the infrared (IR) is enforced by the U(1) beta function of the magnetic
QED, and it makes monopoles weakly coupled in the IR, i.e. g  1. The Dirac quan-
tization therefore enforces the electric coupling e being large in this region, i.e. e  1,
forming the “strongly coupled” electric sector.
Because the two foundations of this picture, i.e. the U(1) beta function and Dirac
quantization, do not depend on the supersymmetry or any other details of the Seiberg-
Witten (SW) theory, one can therefore speculate it to be a generic phenomenon. Con-
sequently, it is conjectured that this picture is applicable to the region near the QCD
confinement/deconfinement transition T ≈ Tc hence explains the strongly coupled elec-
tric degrees of freedom (DOFs) there phenomenologically. On the other end, the high
temperature limit is similar to the large VEV domain of the moduli space, there the
SU(Nc) ultraviolet (UV) asymptotic freedom and screening effects make the electric cou-
pling small. As a consequence, MQPs will be heavy and strongly coupled in that regime.
4.3 Lattice QCD on magnetically charged quasipar-
ticles in sQGP
4.3.1 Static qq̄ potential
One of the reasons for redividing the QCD phase diagram can be explained using lattice
data on the temperature dependence of the static quark-antiquark potential V (r). Re-
garding this potential, in lattice QCD computations (c.f. Section 1.1.4), since the Wilson
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loop 〈W (C)〉 is proportional to exp(−V (r)τ), where the area enclosed by the loop C is
A = r × τ , V (r, τ = 1/T ) is hence extracted via
V (r, τ = 1/T ) = −1
τ
log〈W (C)〉 . (4.2)
As an example, shown in the left panel of Fig. 4.2, lattice QCD results at T = 0 are plotted
together with an empirical linear plus Coulomb potential (Cornell potential), one sees that
the attractive short-distance potential becomes linearly confining at long distances. Note
that here β corresponds to the gauge coupling 10/g2. From the form of Eq. (4.2) one can
infer that V characterizes the free energy of a static qq̄ pair. The right panel of Fig. 4.2
Figure 4.2: Left: The quenched Wilson action SU(3) potential normalized to V (r0) = 0.
(Note that r0 ≈ 0.5 fm, taken from [305].) Right: The singlet free energy as function of
distance r for different temperatures T < 200 MeV calculated in Coulomb gauge. (Taken
from [306].)
shows the singlet free energy from [306].
The traditional reasoning points to the free energy F (r, T ) associated with static quark
pair separated by a distance r, and defines the deconfinement as the disappearance of a
linearly growing string term in it, so that at T > Tc there is a finite limit of the free
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energy at large distances, F (∞, T ). This phenomenon is referred to as the melting of the
confining string at Tc.
However, as pointed out by Polyakov [307], the string should not disappear at Tc: at
this point the energy of the string gets compensated by the entropy term so that the
free energy F = U − TS vanishes. Fig. 4.3 shows that lattice studies suggest the internal
Figure 4.3: The energy (upper panel) and entropy (lower panel) (as TS∞(T )) derived
from the free energy of two static quarks separated by large distance, in Nf = 2 QCD.
(Taken from [308].)
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energy and entropy associated with a static qq̄ pair are strongly peaked exactly at Tc. The
huge mangitude of them can not be explained on the basis of a Debye-screened weakly-
coupled gas of EQPs. The explanation of such large energy and huge number of occupied
states may be that several correlated quasi-particles are bound to heavy charges in the
form of gluonic chains or polymers [309].
Therefore, the deconfinement seen in the disappearing linear term in the free energy
is restricted to static or adiabatically slowly moving color charges. Assuming that there
is some chain-like structure surrounding static quarks that creates the large entropy, and
that this structure can not survive for fast-moving quarks, then for fast-moving light or
even charmed quarks, one should still find mesonic bound states even in the deconfined
phase [310].
Studies of light quark and charmonium states from lattice QCD [311, 312] found that
they persist until 2Tc. This was further supported by the experimental discovery that the
J/ψ suppression at RHIC is smaller than expected, which is consistent with the new view
that J/ψ not melting at RHIC where T < 2Tc.
In fact there are even more studies supporting the MQPs dominated “post-confinement”
phase at Tc < T < TE=M . For example, [313] discussed a set of lattice calculations and
showed that a “dual superconductor” picture is consistent with what is observed on the
lattice, and the shape and field distribution inside the confining strings is in agreement
with that in the Abrikosov flux tube of a superconductor. On the other hand, [314] showed
that one can define on some way monopoles and their paths, and those are in average
consistent with dual Maxwell equations.
However as reviewed in [315], the previous studies were mostly rather concentrated
in the vacuum T = 0 than considering the temperature range of deconfined plasma at
T > Tc. Nevertheless, there are general reasons to think that MQPs play an important role
in the “post-confinement” phase. Among them the most important one is the persistence
165
CHAPTER 4. BEYOND PERTURBATIVE QGP
of static magnetic screening up to infinitely high temperature. This topic will be discussed
in the next section.
4.3.2 E-M screening mass
Following up with the discussions in the previous section, although static magnetic screen-
ing was shown to be absent in perturbative diagrams [316], it has been proposed by
Polyakov [307] that it does appear nonperturbatively at the “magnetic scale” ΛM = e
2T
at high T. Consequently, the magnetic screening mass is µM = cMΛM and the monopole
density is ρM = cnΛ
3
M , where cM and cn are some proportionality constants.
There is a recent lattice calculation in [275] of the temperature dependence of the
electric screening mass and magnetic screening mass that is shown in Fig. 4.4. Note
Figure 4.4: Temperature dependence of electric and magnetic screening masses accord-
ing to Nakamura et al [275]. The dotted line is fitted by the assumption that magnetic
screening mass µM ∼ e2T . For the electric mass, the dashed and solid line represents the
leading-order perturbation and the hard thermal loop resummation results, respectively.
(Taken from [297].)
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that the electric screening mass µE is larger than µM at high T, but vanishes at Tc
because electrically charged objects become too heavy at Tc and effectively disappear.
The magnetic screening mass µM however increases as T cools down toward Tc. This is
consistent with the scaling estimate that µ2M ∼ e(T )4T 2.1
If one uses the screening masses to get an estimate about density of electric and
magnetic objects, one finds that the point at which µE and µM are equal should be close
to the E-M equilibrium point. This places the equilibrium temperature in the range of
TE=M ≈ (1.2− 1.5)Tc = 250− 300 MeV [317].
4.3.3 High temperature monopoles
Other lattice “observables” related to MQPs above Tc include the total pressure for the
magnetic sector of QCD and the spatial string tension. Details about them can be found
in the review by Korthals-Altes [318], there Korthals-Altes made two important points:
(1) MQPs must be in the adjoint color representation in order to explain the lattice data
of k-strings and magnetic pressure; (2) there seems to be a nontrivial small “diluteness”
parameter of the MQPs ensemble δ = σ1/µ
2
M ∼ 1/20 where σ1 is the string tension.
The fact that screening near Tc takes place at distances smaller than the average
distance between MQPs is a clear indication that screening near Tc is not a Debye-type
weak coupling one, but on the contrary, a strongly coupled/correlated screening.
4.3.4 Dyons
A special sector of MQPs is the particle with both E and M charges – dyons. Because
they produce parallel electric and magnetic fields, they have nonzero topological charge
(E ·B 6= 0). As shown by Kraan et al [319], finite temperature instantons can be viewed
1Another estimate of the magnetic screening can be done in the dual language as µ2M ∼ g2ρM/T ∼
g2(e2T )3/T ∼ (e2T )2 this is a perturbative loop with small magnetic coupling g.
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as being made of Nc self-dual dyons, and in [320] there is an AdS/CFT “brane-based”
construction leading to the same conclusion.
Topology is in turn associated with the Dirac zero eigenvalues for fermions, which
can be located and counted on the lattice very accurately. Furthermore, a visualization
of dyons inside lattice gauge field configurations using variable non-trivial holonomy has
been developed in [321], and one can use this tool to reveal multi-dyon configurations and
their dynamics. One can find that they make a dilute but highly correlated systems, where
closed chains of up to 6 dyons of alternating charges have been seen. The self-dual dyon
density and other properties, as well as their relation to instantons and confinement are
summarized in [322]. It is enough to mention only that self-dual dyons, like instantons, are
electrically screened [323] and thus rapidly disappear in the QGP phase at T > Tc. Around
Tc their density can be related to the instanton density ndyon ∼ Ncninstanton/T ∼ 3 fm−3,
and their mass can be related to the instanton action mdyon = T ·ninstanton/Nc ∼ (3−4)T .
They are of the order of the density and the mass of electric quasi-particles at 1.5Tc. This
confirms the suggested E-M equilibrium in this region.
Regarding the relation between particle-monopoles and instanton-dyons, there is a use-
ful quote from Shuryak [324]: “Traditional explanation of the confinement is often given in
terms of particle-monopoles and dual superconductor model of ’t Hooft and Mandelstam:
so one may ask about any relation between particle-monopoles and instanton-dyons. In
N = 2 SYM (Seiberg-Witten theory) both are under theoretical control, so one can cal-
culate how each of them contribute to partition function. Remarkably one finds that the
results are equal [325]. One can see that particle-monopoles provide better behaved sum
at low-T, while the instanton-dyons better converge at the high-T end, but both describe
the same physics. Unfortunately, in non-supersymmetric theories, without such explicit
expressions available, the relation between the two remains unclear.”
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4.4 Polyakov loop
The magnetic scenario of sQGP has been concentrated on the chromo-magnetic compo-
nents of the nonperturbative QCD matter in the confinement/deconfinement transition
regime, however it does not provide quantitative information about the chromo-magnetic
components near Tc. Therefore, more careful considerations about both composites in the
critical transition regime should be carried out.
In the case of confinement/deconfinement transition, one can consider the Polyakov














where the gauge fields are periodic in imaginary time τ with period β = 1/T , as in thermal
field theory2.
To see the reason why the Polyakov loop is useful in characterizing confinement or
deconfinement transition, one can consider an “aperiodic” gauge transformation of the
form V (τ + β, ~x) = znV (τ, ~x), where zn ∈ ZNc =
{
1e2πin/Nc |n = 0, ..., Nc − 1
}
is the
center of the gauge group SU(Nc). Under this center symmetry, gauge fields Aµ’s are
invariant, but quarks transform as q → −znq.
For a pure gauge theory (or assuming quarks have infinite masses) in the confined
phase, Nc external test quarks that form a “test baryon” are together invariant since
zNcn = 1. Therefore, the center symmetry is a symmetry of the confined phase. However,
the Polyakov loop is not invariant under this symmetry: L→ znL, which means that 〈L〉
2In thermal field theory, the Boltzmann operator e−βĤ (where Ĥ is the Hamiltonian) can be inter-
preted as a quantum evolution operator in imaginary time. Consequently, one can express the partition
function as a path integral in Euclidean space. The bosonic/fermionic fields that subject to periodic/anti-
periodic boundary conditions in imaginary time τ can be integrated over. Through this, one can find
the partition function in terms of the path integral, then compute various thermodynamic quantities and
averages of operators over thermal ensembles.
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must vanish in the confined phase. On the other hand, in the deconfined phase, the center
symmetry is broken and 〈L〉 is not vanishing anymore. The Polyakov loop is therefore an
order parameter for this symmetry. To summarize,
〈L〉

= 0, confined (T < Tc)
6= 0, deconfined (T > Tc) .
(4.4)
Physically speaking, similar to the case of Wilson lines, the expectation value of the
Polyakov loop is related to the free energy of a single (heavy) quark, 〈L〉 ∝ e−FQ/T .
Therefore, in the confined phase, since there are no free isolated quarks, the free energy
should be infinite and 〈L〉 → 0. On the other hand, in the deconfined phase, the free
energy is finite and hence 〈L〉 6= 0.
Figure 4.5: The lattice 2+1 flavor QCD calculation of the energy density (left), pressure
(left), entropy density (middle), and Polyakov loop (right). Taken from [103].
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Fig. 4.5 shows the lattice 2+1 flavor QCD calculation of the energy density, pressure,
entropy density, and Polyakov loop from [103]. One can clearly see that in the near
Tc regime, the thermodynamic quantities rises faster than the Polyakov loop. In the
“semi-QGP” model proposed by Pisarski et al that will be discussed in detail in the next
chapter, a non-zero Polyakov loop in the presence of non-trivial holonomy suggests a
power law suppression of color electric charges [326–329]. The phenomenon observed in
Fig. 4.5 hence suggests the thermal degrees of freedom rises faster than the color degrees
of freedom in the near Tc regime, and it points to a “missing” degrees of freedom for the
sQGP. Within the magnetic scenario introduced in this chapter, the “missing” part can
be naturally accounted for by chromo-magnetic monopoles. And this will stimulate our
development of the CUJET3.0 model in the next chapter.
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Jet quenching in near-critical QGP
One has seen in Chapter 3 and 4 that there are two main problems associated with
perturbative QCD (pQCD) based jet quenching frameworks: (1) These models have been
found to fail to describe simultaneously the high pT light hadrons’ and open heavy flavors’
RAA and v2 data at RHIC and the LHC [225, 291, 330–332], c.f. e.g. Fig. 3.13, and
this is often referred to as a “high pT v2 puzzle” for pQCD energy loss models (c.f.
Section 3.4). (2) The leading order (LO) pQCD estimates of the shear viscosity to entropy
density ratio (η/s) based on the conventional picture of HTL quasiparticle degrees of
freedom in the QGP has [112, 333–335] η/s ≈ 0.071[α2s log(1/αs)]−1. This gives the value
of η/s being of the order 1, which is an order of magnitude larger than the unitarity
η/s = 1/4π ≈ 0.08 lower bound [334, 336] that was found to be required to explain the
“perfect fluidity”property of QGP produced in high energy nuclear collisions [94, 115,
239, 331, 337, 338].
While the factor of ∼ 5 quenching of hard jets observed in central collisions with
RAA ∼ 0.2, was well predicted [144] even with pQCD jet medium coupling, the collective
bulk azimuthal flow moments observed at RHIC and the LHC appear to require much
stronger interactions such as those assumed, e.g., in AdS/CFT black hole modeling of the
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sQGP to account for perfect fluidity [331, 336]. The long-standing “jet” RAA(pT > 5 GeV)
vs “bulk” v2(pT < 2 GeV) [330, 331] as well as the “jet” azimuthal v2(pT > 10 GeV)
puzzles [216, 225, 291, 339] continue to raise critical questions about one’s understanding
of the dynamics and composition of the QGP medium produced in high energy nuclear
collisions and especially the consistency of information derived from high pT > 10 GeV
jet quenching observables and low pT < 2 GeV bulk collective flow observables at RHIC
and the LHC.
How do the effective degrees of freedom of nonperturbative QCD origin interpolate
between the confined Hadron Resonance Gas (HRG) world at low energy energy density
into an asymptotically free quark gluon plasma at extreme densities? Are there effective
quasi-particles in the highly non-perturbative non-conformal temperature range near the
deconfinement transition temperature Tc ∼ 160 MeV? How do those “emergent” degrees
of freedom near Tc affect high pT > 10 GeV jet flavor observables? Can an effective quasi-
particle description be constructed that is consistent with lattice QCD thermodynamic
data and simultaneously could reconcile the apparent inconsistency between the bulk
“perfect fluid”, minimally viscous hydrodynamics and the success (modulo v2) of pQCD
based jet quenching phenomenology? Can the combined set of soft plus hard observables
be used to elucidate the mechanism of color confinement?
The goal of this chapter is to demonstrate in detail the existence of at least one
possible model that involves partially suppressed chromo-electric-charges (CEC) together
with emergent chromo-magnetic-monopole (CMM) effective degrees of freedom (the semi-
Quark-Gluon-Monopole-Plasma model) that via the CUJET3.0 numerical framework al-
lows us to constrain the q̂(E, T ) and η/s(T ) fields over a much wider range than previously
possible.
We will present in this chapter the theoretical details of the CUJET3.0 framework and
concentrate on the robustness and consistency of its components as well on its phenomeno-
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logical applications that successfully account for a large set of leading hadron inclusive
jet energy loss data. We address a number of key questions concerning the theoretical
robustness of the underlying sQGMP microscopic scenario and report new results that
help in estimating theoretical uncertainties in our present understanding of jet energy loss
phenomena via the sQGMP model. Such questions include: (1) Can an effective quasi-
particle chromodynamic model be formulated with sufficient ab-initio lattice QCD and
experimental data constraints to explain simultaneously both long and short wavelength
observables in high energy A+A reactions? (2) How do theoretical uncertainties on Quark
and Glue CEC quasi-particle number densities ρQ(T ) and ρG(T ) and chromo Magnetic
monopole CMM density ρM(T ) of the sQGMP propagate to the observables? (3) How
do uncertainties in the chromo electric and magnetic screening masses µE,M(T ) near Tc
effect the observables? (4) Can we constrain in the sQGMP model the temperature de-
pendence of the jet quenching parameter q̂(E, T ) well enough to predict the shear viscosity
to entropy ratio η/s(T ) by extrapolating down to E ∼ 3T thermal scales? (5) How does
the effective path length dependence of light and heavy quark energy loss depend on the
detailed CEC and CMM composition of sQGMP matter, and how do these compare to
perturbative QCD HTL path length dependences?
5.1 The CUJET3.0 model
The CUJET3.0 jet quenching framework generalizes the CUJET2.0 perturbative non-
Abelian gluon bremsstrahlung kernel of the DGLV opacity expansion theory (c.f. Section
3.1) of radiative jet energy loss to incorporate lattice QCD constraints on the nonper-
turbative semi-QGP suppression of color DOFs, and emergent nonperturbative chromo-
magnetic monopole DOF near the crossover QCD temperature regime T ∼ Tc regime .
CUJET3.0 incorporates lattice QCD data on the QCD pressure equation of state (EOS)
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P (T ), nonperturbative chromo electric and magnetic screening masses, mE(T ),mM(T ),
and the Polyakov loop L(T ). To begin, let us first have a quick overview of the physical
pictures behind the CUJET3.0 framework.
5.1.1 Motivations of CUJET3.0
Recall that a possible mechanism of color confinement based on a “dual superconductor”
picture was proposed by Mandelstam, Nambu, Polyakov, ’t Hooft [31, 300, 301, 340] — It
is understood that in type II superconductors the condensate of Cooper pairs generates
a “Meissner Effect” that repels magnetic field lines and squeezes monopole pair fields
into flux tubes. In models possessing electric-magnetic duality, e.g. the Seiberg-Witten
solution of the N = 2 supersymmetric gauge theory [303, 304], a “dual superconductor”
phase does emerge in the strong coupling regime. Stable magnetic monopoles condensates
can be generated leading to “Dual Meissner Effect” that forces the chromo-electric fields
sourced by CEC pairs to form flux tubes that gives rise to linearly rising potential and
confines quark-antiquark pairs.
Partially motivated by the “dual superconductivity” picture of color confinement, a
magnetic scenario for the near Tc QCD plasma was proposed in [295–297, 317, 341, 342].
This scenario emphasizes the change in chromo degrees of freedom with the gauge cou-
pling, and recasts the QCD phase diagram into electrically and magnetically dominated
regimes. For example, focusing on increasing temperature (at zero baryonic density ),
a particular temperature TE=M may be identified as a new phase boundary where the
coupling strength of electric (E) and magnetic (M) interactions are equal and satisfy the
Dirac quantization condition [298]. Interestingly, a novel post-confinement non-conformal
non-perturbative region emerges at Tc < T < TE=M ∼ 1.4Tc where chromo magnetic
monopoles (CMM) are the lightest degrees of freedom (DOFs) in the system while chromo
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electrically charged (CEC) quasi-particles are strongly correlated and connected by flux
tubes. Phenomenologically it has been qualitatively demonstrated that with the inclusion
of such emergent monopoles near Tc, the scatterings in both the soft and hard sectors are
strongly enhanced and thus help explaining the small η/s of the bulk sQGP as well as
leading to significant v2 of high pT hadrons [295, 297, 343–346].
However, a quantitative and phenomenologically robust modeling framework for the
QCD matter in the near Tc regime has not been built previously. Such a framework has
to couple the hard jet probes with the state-of-the-art bulk constrained viscous hydro-
dynamic (T (x, t), uµ(x, t)) fields. It also needs to have a sophisticated implementation of
the microscopic nonperturbative physics for both the CEC and CMM degrees of freedom.
For that, we need to constrain how the E and M quasi-particles DOF vary with tempera-
ture in a way that is consistent with available lattice QCD data [44, 103, 275, 347–350] on
thermodynamic pressure, entropy density, energy density as well as the Polyakov loop and
quark susceptibilities. Specifically for the nonperturbative dynamics of the CEC near Tc,
the “semi-QGP” model [326–329, 351, 352] was previously proposed to build in the color
suppression effect in the deconfinement transition region. In that model the Polyakov
loop is the relevant parameter that controls confinement/deconfinement of color electric
charge DOFs. When temperature drops towards Tc, the excitation of CEC quarks and
gluons are quenched by powers of the loop, resulting in a number of novel phenomenolog-
ical effects. For example it was found in the semi-QGP that there is a mild enhancement
for the production of thermal dileptons and a strong suppression for the production hard
photons [353, 354].
The above considerations of the nonperturbative medium near Tc have motivated us
to propose and study a nonperturbative semi-Quark-Gluon-Monopole-Plasma (sQGMP)
model for the “perfect chromo fluid” near the deconfinement transition range. The CU-
JET3.0 framework [232, 233] is an extension of the CUJET2.0 model [216, 231] discussed
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in Chapter 3) which integrates local jet energy loss over (2+1)D viscous hydrodynamic
flows. It models jet medium interactions via the sQGMP quasi-particle model picture
of the chromo structure of the fluid that include specific non-pertubative features re-
lated to confinement in the vicinity of Tc. In CUJET3.0 all thermodynamic properties
are constrained by lattice QCD data. At very high temperature T  Tc the model by
construction would smoothly reduce to CUJET2.0 corresponding to a perturbative Hard
Thermal Loop (HTL) picture of the QGP. As T approaches Tc, the chromo-electric charge
(CEC) degrees of freedom are suppressed as powers of the Polyakov loop as in the semi-
QGP framework while chromo-magnetic monopoles emerge to account for the total lattice
QCD pressure or the total entropy density.
Having grasped the physical pictures behind the CUJET3.0 model, let us move on
to look at the details of its ingredients. The perturbative component of this model is
the dynamical running coupling DGLV opacity expansion theory that have been exten-
sively discussed in Chapter 3. Therefore, in the following subsections, we will present
comprehensive discussions of the details of its non-perturbative ingredients.
5.1.2 Semi-quark-gluon plasmas
In the vicinity of the QCD deconfinement transition temperature Tc ∼ ΛQCD, the strength
of the chromo-electric coupling becomes very strong. Novel nonperturbative effects should
enter and modify the properties of the QGP in this regime. Based on first-principle lattice
QCD calculations and reasonable theoretical assumptions, in the CUJET3.0 framework,
we model the near Tc QCD matter as a semi-Quark-Gluon-Monopole-Plasma (sQGMP)
that includes two ingredients with nonperturbative origins – the semi-QGP suppression
of color electric DOFs and the emergent chromo magnetic monopoles.
The semi-QGP model was developed and discussed in detail in [326–329, 351–354]. It
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is constructed to describe QCD as temperature T → T+c , where both the naive pertur-
bative methods and the hadronic models are not applicable. A main emphasis is on the
“mismatch” seen from lattice data between the liberation of thermal excitations (as indi-
cated by e.g. rapid increase of entropy density around Tc) and the liberation of “color” (as
indicated by the rather slow increase of Polyakov loop toward fully deconfined limit). This
observation indicates at a region above Tc where significant nonperturbative suppression
of color charge is still present. In the semi-QGP, how color is suppressed is quantified
by the decrease of the expectation value of the Polyakov loop 〈`〉, which is the trace of
a straight Wilson line in imaginary time. Properly normalized 〈`〉 is near unity in the
perturbative QGP, but in the near Tc regime, it is smaller than 1 (from lattice, 〈`〉 ∼ 0.1
at Tc). This implies a non-trivial distribution for the eigenvalues of the Wilson line and
a non-trivial background field for the time-like component of the gauge field A0. In the
presence of a nonzero A0, as T → T+c , the colored excitations are suppressed by powers
of the Polyakov loop.
Let us briefly review how this suppression works in the semi-QGP following [328, 329].
Adopting the double line basis for color factors, fundamental quarks carry a single index
in the fundamental representation, a = 1, · · · , Nc, and adjoint gluons carry a pair of
fundamental indices, ab. In an SU(Nc) gauge theory, under mean field approximation,
we take the temporal component of the gluon field to be a constant, diagonal, traceless
matrix [327]
(Acl0 )
ab = δabQa/g (5.1)
where g is the coupling constant for the SU(Nc) gauge theory. For the spatial components
of the gluon vector potential, Ai, there is no background field. In the Euclidean spacetime,
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the Wilson line in the temporal direction is








We neglect fluctuations in A0 to leading order in the coupling constant under mean field
approximation. Gauge invariant Polyakov loops are traces of powers of the Wilson line:





We define ` as the first Polyakov loop ` ≡ `1. Physically, one can think of the Polyakov
loop as measuring the extra free energy F which arises from adding a colored heavy quark
to a thermal bath, 〈`〉 ∼ exp(−F/T ). In the perturbative QGP, all Qa’s vanish and `n = 1.
In the confined phase of a pure gauge theory, eigenvalues of Q are uniformly distributed
on a circle of radius T , and `n = 0 if n 6= [Nc/2]Nc. Dynamical quarks act as a background
Z(N) field, if they are present, there is no rigorous definition of a confined phase, and all
Polyakov loops are nonzero at nonzero temperatures [328]. Lattice simulations find that
` is small (〈`〉 ∼ 0.1) in the phase transition regime for Nc = 3 and Nf = 3 [329].
In the imaginary time formalism, the Euclidean four momentum is Pµ = (p0,p), where
p0 is an even/odd multiple of πT for bosons/fermions. Expanding around the background
field in Eq. (5.1), the 4-momentum of a quark becomes P aµ = (p0 + Q
a,p), and the
4-momentum of a gluon becomes P abµ = (p0 + Q
ab,p) (Qab ≡ Qa − Qb). Each Qa is
typically a non-integral multiple of 2πT , in the space of diagonal generators, it is like an
imaginary chemical potential for color charges. To analytically continue from Euclidean
to Minkowski spacetime, one continues the entire Euclidean energy to −iE, where E is
a continuous energy variable. For quarks, the usual Fermi-Dirac statistical distribution
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The first term represents the Boltzmann approximation to the quantum distribution func-
tion, and is accompanied by exp(iQa/T ). Consider the trace of the quark propagator











Denote 〈· · · 〉Q as the average over the Q distribution and an integration over the particles




ña〉Q ∼ NcT 3` . (5.6)
This means the distribution function for a quark field vanishes as a single power of the










Consider summing over the color indices of the gluon propagator, to avoid taking the









nab〉Q ∼ N2c T 3`2 . (5.8)
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This means in the near Tc regime, the density of gluons vanishes as the square of the loop,
i.e. ng ∼ `2. In the perturbative regime, the density of massless fields is necessarily a
pure number times T 3 therefore such a suppression is not present. Note that we always
perform a global color rotation to enforce that the expectation value of the Polyakov loop
` is real.
5.1.3 Magnetic scenario for near Tc QCD plasmas
The magnetic scenario for the near Tc QCD matter was proposed and discussed in [295–
297, 317, 341, 342], and there have since been extensive studies of the magnetic component
of the plasma using different approaches [343, 355–357]. In this scenario, the QGP not
too far above Tc contains not only electrically charged quasi-particles (CEC), quarks and
gluons, but also magnetically charged quasiparticles (CMM), monopoles and dyons.
This approach is different from many traditional discussions, which focus on the ther-
modynamic transition and divide the temperature regimes into the hadronic phase at
T < Tc and the QGP phase at T > Tc. Rather, the emphasis is on the competition be-
tween EQPs and MQPs, based on which one may divide the phases of QCD matter into
the magnetically dominated region at T < TE=M ∼ 1.4Tc and the electrically dominated
region at T > TE=M . This picture is largely motivated by analogy with electric-magnetic
duality in supersymmetric Yang-Mills theories. The key aspect of the physics involved is
the coupling strength of the electric (e) and magnetic (g) interaction, which can lead to
different dominance of dynamical degrees of freedom in different regimes. Under Dirac
quantization condition [298], e · g = n/2, and magnetic objects are in the adjoint color
representation if n = 2 [297]. In a so-called E/M-equilibrium region, the couplings are
equal, i.e. e = g, densities as well as masses of both EQPs and MQPs are comparable.
Then depending on the change of these couplings in different physical regimes, the “bal-
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ance” between E and M sectors would shift one way or the other, giving rise to distinctive
phases.
Let us start with the QGP at very high temperature T  Tc where the electric coupling
is weak. This regime is well described by perturbative EQPs with small quark and gluon
effective masses. The monopoles in this case are heavy, dilute and strongly coupled,
but they play a minor role and contribute little to the overall bulk properties. They do
manifest themselves through nonperturbative contributions to certain observables at the
soft magnetic scale.
On the other hand, as T goes down and approaches the confinement transition T → Tc,
the converse is expected to happen: the electric coupling becomes very strong and the
EQPs, i.e. quarks and gluons, are getting heavier and gradually suppressed dynamically.
The emergent MQPs gradually become light, abundant, and dominate the system at
T < TE=M . With further decrease of temperature toward Tc the thermal monopoles
will eventually reach the Bose-Einstein condensation, forming a ’t Hooft-Mandelstam
“dual superconductor” [300, 301] that enforces color confinement. In the post-confinement
region at Tc < T < TE=M EQPs are still strongly correlated and connected by the
electric flux tubes, but MQPs are the dominant DOFs and they serve as an effective
description of the strong nonperturbative gauge dynamics. In [296], the authors showed
that gauge theory monopoles in a deconfined phase behave as magnetic charges in a
Coulomb plasmas. At T ≈ 1.3Tc where lattice potentials indicate flux tubes dissolve, an
estimate of total density of magnetic quasi-particles is nCMM ≈ 4.4− 6.6 fm3 [317].From
an analysis of the lattice monopole-(anti)monopole correlators, they showed that the
temperature dependence of the magnetic couplings in gauge theories is indeed the inverse
of the electric one as per the electric-magnetic duality arguments. More specifically, the
magnetic part of the QGP at T ∼ 1 − 3Tc possesses an effective plasma parameter in
the “good liquid” domain, thus in consistency with the “nearly perfect liquid” property
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observed at RHIC and the LHC.
5.1.4 Jet suppression in semi-quark-gluon-monopole plasmas
Having discussed the foundations of the sQGMP, let us integrate it into the jet energy






















Since the sQGMP contains both chromo electrically charged quasi-particles (CEC) and
chromo magnetically charged quasiparticles (CMM), when jets propagate through the
medium near Tc, scattering channels of E +E and E +M exist simultaneously. One way
to generalize Eq. (5.9) is to symmetrize it with respect to the E and M components of the
kernel based on demanding electric-magnetic duality as illustrated in e.g. the celebrated
Seiberg-Witten solution of the N = 2 super-Yang-Mills theory. This leads to the following





































Where αs ≡ αE, and αE ·αM = 1 at any scale by Dirac quantization condition [296, 298].
The total quasi-particle number density ρ is divided into EQPs with fraction χT = ρE/ρ
and MQPs with fraction 1 − χT = ρM/ρ. The parameter fE and fM is defined via
fE ≡ µE/µ and fM ≡ µM/µ, with µE and µM being the electric and magnetic screening
mass respectively. We emphasize that Eq.(5.10) is a nonperturbative sQGMP model
ansatz that differs substantially from other generalization of HTL, see e.g. [219, 358].
To determine χT , one notices that: (1) when temperature is high, χT should reach
unity, i.e. χT (T  Tc) → 1; (2) in the vicinity of the regime T ∼ (1 − 3)Tc, the
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renormalized expectation value of the Polyakov loop L1 deviates significantly from unity,
implying the suppression ∼ L for quarks and ∼ L2 for gluons in the semi-QGP model
[327, 329, 352, 359]. In the regime the quark and gluon density drop much faster than the
thermodynamic quantities. This points to “missing” DOFs, in the magnetic scenario [296,
297], they are identified as chromo-magnetic monopoles who emerge in gauge theories at
strong coupling and are thermal excitations of the vacuum magnetic condensate as in
the “dual superconductivity” picture of color confinement [305, 360, 361]. For the CEC
component fraction, we use the semi-QGP ansatz:
χT (T ) = cq L(T ) + cg L
2(T ) . (5.11)
For the respective fraction of quarks and gluons, we take the Stefan-Boltzmann (SB)
fraction coefficients, cq = (10.5Nf )/(10.5Nf + 16) and cg = 16/(10.5Nf + 16). To be












Eq. (5.12) adequately fits both the HotQCD [103] and Wuppertal-Budapest [348] Collab-
oration results, c.f. Fig. 5.1(a). With χT and (1 − χT ), ρE/ρ and ρM/ρ are completely
fixed.
To specify the electric and magnetic screening mass (µE,M = fE,M µ), we recall that
at very high temperature, one expects (1) fE → 1, i.e. µE ∼ gT from HTL results and
(2) fM ∼ g, i.e. µM ∼ g2T , from magnetic scaling in dimensional reduction. Assuming
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E-M duality, the screening masses are expected to scale as
µ2E,M ∼ αE,M ρE,M/T . (5.13)
The extrapolation to lower temperature thus gives
µ2E ∼ αE (χTρ)/T ∼ χTµ2 , (5.14)
and we expect the electric screening mass to be suppressed as
√
χT (T ) in the near Tc
regime but approach the HTL µ(T ) at high T limit. Regarding the magnetic screening
mass, since we have nM ∼ (αET )3 following the magnetic scaling, then
µ2M ∼ αM (αET )3/T ∼ α2ET 2 ∼ g2 g2T 2 ∼ g2µ2 . (5.15)
This prescription is supported by lattice data [275]. Therefore, we assume the following
local temperature dependent screening masses in the CUJET3.0 model:
fE(T (z)) =
√
χT (T (z)) , fM(T (z)) = cm g(T (z)) . (5.16)
To be consistent with previous treatments in Eq. (3.8) and (3.5), the local electric “cou-









Note that cm is a constant parameter that can be constrained by lattice data on the
magnetic screening. Fig. 5.1(b) illustrates the agreement between this prescription of
µE,M and lattice extracted values [275].
185
CHAPTER 5. JET QUENCHING IN NEAR-CRITICAL QGP















































× −2(k⊥ − q⊥)





− (k⊥ − q⊥)














where χT and fE,M follows Eq. (5.11) and Eq. (5.16). We note that in the temperature
range T ∼ Tc, the coupling αs becomes non-perturbative [236, 296, 297, 362]. Analysis of











with Tc = 160 MeV. Note that at large Q




; while at Q = Tc, αs(T
2
c ) = αc.
5.1.5 Liberation schemes: Polyakov loop vs chiral susceptibility
As discussed in previous sections, within the semi-QGP model, the expectation value of
the Polyakov loop L (note that we have redefined L ≡ ` in section 5.1.4, and we use
this notation for the rest of this chapter) is the only relevant parameter for the confine-
ment/deconfinement transition, upon proper renormalizations, L serves as a suppression
factor for the colored excitations as T → T+c . However, it is questionable whether or not
L is an order parameter for the phase transition. Besides the fact that lattice calculations
point to a L ∼ 0.1 at Tc, Eq. (5.1)(5.2)(5.3) also indicate that to a certain degree the loop
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physically characterizes the free energy of an infinitely massive static quark. Since (1)
in the perturbative QGP phase dynamical light quarks dominate the medium transport
properties; and (2) to boost v2 in line with data, a strongly enhanced jet scattering near
Tc makes decisive contributions [232]; then, the nonperturbative property of the sQGMP,
in particular, the rate at which fractional chromo-electric DOFs are liberated (defined
as rd(T ) ≡ dχT/dT ) in the near Tc regime will play a significant role in computing jet
quenching observables within the CUJET3.0 framework and should be studied more sys-
tematically.
Another useful measure of the nonperturbative suppression of the color electric DOF
is provided by the quark number susceptibilities [363–366]. Such susceptibilities quantify
the quark number fluctuations that can be obtained from the QCD partition function at
vanishing chemical potentials. Denote u, d, s as up, down, strange quark whose numbers






lnZ(V, T, µu, µd, µs) , (5.20)
moments of charge fluctuations are defined as follows,
χudsijk =
∂i+j+kp/T 4
∂(µu/T )i∂(µd/T )j∂(µs/T )k
. (5.21)





And χu,d,s2 is the diagonal susceptibility of u, d, s quark number density. Singlet suscep-
tibilities of other conserved charges in QCD such as baryon number B, strangeness S and
electric charge Q can be obtained from the above quark number susceptibilities [350].
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The diagonal susceptibility is proposed as part of the order parameter for chiral sym-
metry breaking/restoration in [363]. Considering a gas of free quarks, if the quark mass
m is small, then χ2 is expected to be large since it is relatively easy to create an additional
quark. For instances, if m  T , then in the continuum limit, χ2 ∼ NfT . If m is large,
then it will be difficult to create a quark or antiquark, the susceptibilities will be sup-
pressed by exp(−m/T ). Realistically, in the high T phase, though strongly interacting, if
the fundamental excitations of the system are low-m objects with the quantum numbers
of quarks, then χ2 is still expected to be large. Meanwhile, in the low T phase, χ2 will be
small since quarks are confined and the nonzero quark number states have large masses.
Thus in the chirally symmetric phase, the quark number susceptibility is large, which
is consistent with a plasma of light quarks; while in the chiral symmetry broken phase,
the quark number susceptibility is small, as expected from quark confinement. It how-
ever may be noted that in the parton-hadron boundary regime, various bound states like
baryons and mesons (and even other exotic composite objects) carry conserved charges
and contribute to the susceptibilities. As previous studies have shown [367–369], such
contributions are mostly important for the higher-order susceptibilities as well as for the
off-diagonal ones. The leading order diagonal susceptibilities could therefore serve as a
reasonable measure for the counting of quark degrees of freedom in the plasma.
Therefore, besides interpolating the renormalized lattice Polyakov loop as in Eq. (5.12),
we parametrize the lattice diagonal susceptibility of u quark number density as




{1 + Tanh[15.65(T − 0.0607)]}
]10
. (5.23)
Where T is the temperature in the unit of GeV. Note that at extremely high temperature,
the χu2(T ) is not unity, so we renormalize the susceptibility by its value at T → ∞ and
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{1 + Tanh[15.65(T − 0.0607)]}
]10
. (5.24)
The χ̃u2(T ) plays a similar role as properly renormalized L for quark DOFs. Let us
denote the original liberation scheme, c.f. Eq. (5.11), that follows the power law of the
Polyakov loop as in the semi-QGP model, as χLT (χ
L
T ≡ χT in Eq. (5.11)); and the new
deconfinement scheme where the diagonal susceptibility of light quark number density
dominates the transition, as χuT (χ
u
T = ρE/ρ):
χuT = cq χ̃
u
2 + cg L
2 . (5.25)
Note that in this scheme, the magnetically charged quasi-particles, i.e. chromo-magnetic
monopoles, have a density fraction of 1− χuT = ρM/ρ.
Fig. 5.1(a) shows the lattice QCD data on renormalized Polyakov loop and diagonal
light quark susceptibility from the HotQCD [103] and Wuppertal-Budapest [348, 350]
Collaboration, as well as the parametrization fit Eq. (5.12) and Eq. (5.23). The E and
M quasi-particle density fraction in both the χLT and χ
u
T scheme are plotted in the inset
of Fig. 5.1(a). Note that ρE/ρ = χ
L,u
T and ρM/ρ = 1 − χ
L,u
T . The two different schemes,
for the rate of “quark liberation”, with χLT the “slow” and χ
u
T the “fast”, provide useful
estimates of theoretical systematic uncertainties associated with the quark component of
the sQGMP model. Note that in the inset of Fig. 5.1(a) the ρE and ρM are equal at
T ∼ 1.1Tc for χuT scheme while at T ∼ 1.7Tc for χLT scheme: these temperatures are
where rd(T ) ≡ dχL,uT /dT should peak.
As suggested in Eq. (5.16), any change in χT alters the electric screening mass µE, and
one expects shifts in the magnetic screening correspondingly under electric-magnetic du-
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Figure 5.1: (a) Renormalized Polyakov loop L(T ) (blue circle: [103], green square:
[348]) and diagonal susceptibility of light quark number density χu2(T ) (red diamond: [350])
computed from lattice QCD, fitted with the parametrization of Eq. (5.12) and (5.23). The
inset shows the the density fraction of color electric DOFs (red, χT = ρE/ρ) and color
magnetic DOFs (blue, 1 − χT = ρM/ρ) within the liberation scheme χLT (solid) and χuT
(dashed), in the temperature range T ∼ 0.6 − 6.0 Tc, where Tc = 160 MeV. Notice that
in χLT , ρE ≈ ρM at T ∼ 1.7Tc; in χuT , ρE ≈ ρM at T ∼ 1.1Tc; and these temperatures
are where rd(T ) ≡ dχT/dT should peak in χL,uT . (b) The dimensionless electric (red)
and magnetic (blue) screening mass µE,M/T in the CUJET3.0 model i.e. Eq. (5.16), for
scheme (i) (5.26), (ii) (5.27), and (iii) (5.28), compared with results from Lattice QCD
[275]. Note that the αc and cm parameters in (i)(ii)(iii) are chosen such that the high-
pT reference RAA datum can be well-fitted, c.f. Fig. 5.5(a). Note that for (i) and (ii),
µE/T ≈ µM/T at around the same temperature, i.e. T ∼ 1.5− 1.6Tc, while (iii)’s µE/T
and µM/T intersect at T ∼ 1.1Tc. In the near Tc regime, (i) and (ii)’s µE − µM are
approximately identical, both are less than (iii)’s.
ality. In Fig. 5.1(b), lattice data of the electric and magnetic screening mass are compared
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with the CUJET3.0 results in three schemes:
(i) αc = 0.95, cm = 0.3, χ
L
T ; (5.26)
(ii) αc = 0.95, cm = 0.4, χ
u
T ; (5.27)
(iii) αc = 1.33, cm = 0.3, χ
u
T . (5.28)
Note that the (αc, cm) parameters are chosen such that the single reference datumR
h±
AA(pT =
12.5GeV/c) ≈ 0.3 at the LHC is well-fitted, cf. Fig. 5.5(a). Implicitly, χLT and χuT are
determined by Eq. (5.11) and Eq. (5.25) respectively. All three schemes are in reason-
able agreements with the lattice data. However, to be more careful, (i)(ii)(iii)’s µE,M
do behave differently as temperature varies. (i)’s and (ii)’s µE/T and µM/T intersect
at approximately the same temperature, i.e. T ∼ 1.5 − 1.6Tc. Meanwhile, (iii)’s µE/T
and µM/T intersect at T ∼ 1.1Tc, which temperature overlaps approximately with the T
where ρE(T ) = ρM(T ) in χ
u
T . Furthermore, in the near Tc regime, (i)’s and (ii)’s µE −µM
are approximately equal, and both are less than (iii)’s.
In Section 5.2, we will focus on Scheme (i) which is our default choice of the liberation
scheme for color degrees of freedom, we will study under this scheme the consistency
between perfect fluidity and jet quenching in sQGMP within CUJET3.0. The robustness
of the results derived in Section 5.2 to different confinement/deconfinement schemes in
Eq. (5.28) will be discussed in Section 5.3.
5.2 Consistency of perfect fluidity and jet transport
Noted at the beginning of this chapter, the main motivations that stimulated the formu-
lation of CUJET3.0 were the “high pT v2 puzzle” and the discrepancy between the pQCD
estimate of η/s and the QGP’s “perfect fluidity”. We will see in this section that jet
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quenching observables of high pT light hadrons’ and open heavy flavors’ RAA and v2 at
RHIC and the LHC computed using CUJET3.0 are in agreement with all data simulta-
neously withing present experimental uncertainties. And if we further calculate the jet
transport parameter q̂ and the shear viscosity to entropy density ratio η/s in CUJET3.0,
we see CUJET3.0 does provide a semi-quantitative bridge between local equilibrium bulk
“perfect fluidity” and high energy far from equilibrium jet transport phenomena.
5.2.1 High pT hadrons RAA and v2 from CUJET3.0
Let us first apply CUJET3.0 to compute high pT single inclusive hadron observables,
the results are shown in Fig. 5.2, where the comparisons of data and CUJET3.0 results
for mid-rapidity (y = 0) RAA(pT ) and v2(pT ) of inclusive neutral pions (π
0) and charged
particles (h±) in Au+Au
√
sNN = 200 GeV and Pb+Pb
√
sNN = 2.76 TeV semi-peripheral
collisions are plotted.
There is only one parameter αc that is fixed by a single reference data point, i.e.
Rh±AA(pT = 12.5GeV) ≈ 0.3 at the LHC, and all other parameters are already determined
from lattice QCD (including the cm in Eq. (5.16), c.f. Fig.5.1). Evidently, the CUJET3.0
framework simultaneously describes both RAA and v2 at both RHIC and the LHC. This
finding quantitatively validates earlier arguments [295] that enhanced energy loss at later
time generically increases v2 for fixed RAA.
We also predict the high pT RAA(pT ) and v2(pT ) for D and B meson at the LHC
semi-peripheral 20-30% Pb+Pb
√
sNN = 2.76 TeV collisions, shown in Fig. 5.2. These
results are all consistent with existing data (where available) and can be tested with future
measurements.
192




















































Figure 5.2: (a) RAA(pT ) and (b) v2(pT ) of inclusive neutral pions (π
0) and charged parti-
cles (h±) in Au+Au
√
sNN = 200 GeV and Pb+Pb
√
sNN = 2.76 TeV collisions, computed
from CUJET3.0 with the impact parameter b = 7.5 fm, compared with corresponding data
from ALICE, ATLAS, CMS, PHENIX and STAR [107, 149, 152, 272–274, 292–294].
With (αc, cm) = (0.95, 0.3), the results of CUJET3.0 are consistent with data of both RAA
and v2 at both RHIC and the LHC simultaneously. CUJET3.0 (b = 7.5 fm) predictions
of RAA(pT ) and v2(pT ) for open heavy flavors (D meson, red; B meson, green) at the
LHC semi-peripheral Pb+Pb
√
sNN = 2.76 TeV collisions are also plotted. The D meson
results with pT < 20 GeV/c agree with ALICE data of both RAA and v2 [271, 289], while
the B meson RAA results at 6.5 < pT < 30 GeV/c are in agreement with non-prompt J/ψ
at CMS (green box indicates systematic errors) .
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5.2.2 Jet transport parameter
The jet transport transport parameter q̂, which has been extensively discussed in Section
3.3, characterizes the averaged transverse momentum transfer squared per mean free path
[276]. Here let us calculate the q̂ for a quark jet (in the fundamental representation F of
SU(3)) with initial energy E, via the following:



















⊥) + Cqm(1− fq − fg)
]
. (5.29)
Here ρ(T ) is the total local quasi-particle number density, it is connected to the lattice
pressure p(T ) via
ρ(T ) = ξ p(T )/T , (5.30)
with ξ = [90ζ(3)(16 + 9Nf )]/[π
4(16 + 10.5Nf )] = 1.012 for an Nc = 3, Nf = 2.5 ideal gas
2. The parameters fq,g are quasi-parton density fractions of quark (q) or gluon (g) type,
in the χLT and χ
u
T scheme, they are respectively
fq = cqL(T ), fg = cgL(T )
2, if χLT ;
fq = cqχ̃
u
2(T ), fg = cgL(T )
2, if χuT . (5.31)
The cq,g and L(T ) are the same as in Eq. (5.11) and (5.12). The magnetically charged
quasi-particle density fraction is hence fm(T ) = 1 − fq(T ) − fg(T ). The color factors in
2The ξ near Tc may be different from the idea gas limit, the uncertainties coming from this are subject
to future studies.
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Figure 5.3: Temperature dependence of (a) the dimensionless jet transport coeffi-
cient q̂/T 3 and (b) the absolute q̂ for a quark jet (F ) with initial energy E = 2, 10,
50 GeV, computed from CUJET3.0 (semi-QGP + chromomagnetic monopoles) with
(αc, cm) = (0.95, 0.3), compared with the result from CUJET2.0 (pQCD + HTL) [216]
with (αmax, fE, fM) = (0.39, 1, 0), and the result from N = 4 Supersymmetric Yang-Mills
(SYM) calculations (q̂ ≈ 26.69
√
λ/4πT 3) [281].








Cqg = Cgq = Cqm = Cmq = 1 . (5.32)
The scaled jet transport coefficients q̂/T 3 of the CUJET3.0 and CUJET2.0 models
are compared in Fig. 5.3. Here one sees the strong near-Tc enhancement of the sQGMP
opacity as compared with the perturbative HTL model of the QGP3. As demonstrated
3In principle, at relatively large T , the q̂ from CUJET3.0 (pQCD+sQGMP) and CUJET2.0
(pQCD+HTL) should converge because of asymptotic freedom and the vanishing of CMM component.
However, compare Eq. (5.29) and Eq. (3.58)(3.59), one sees that the magnetic screening mass differs in
the two models. This makes the CUJET3.0’s q̂ goes below CUJET2.0’s at high T .
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in Fig. 5.2, while both models of the QGP can describe the single inclusive hadron sup-
pression (quantified by nuclear modification factor RAA) data, only the nonperturbative
sQGMP model with non-trivial near-Tc behavior can account well for both high pT RAA
and its azimuthal anisotropy v2. Notice that no new parameters are introduced in this
analysis since the sQGMP properties are fully constrained by available lattice QCD data.
5.2.3 Shear viscosity
In the CUJET3.0 framework, once the jet transport coefficient q̂ has been computed, the
shear viscosity to entropy density ratio η/s can be calculated based on kinetic theory in
a weakly-coupled quasi-particle picture4, as proposed in [112, 282, 334]. An estimate of































ρa/q̂a(T,E = 3T ) . (5.33)
Note that the q̂(T,E) is extrapolated down to thermal energy scales E ∼ 3T . The ρa(T )
is the quasi-parton density of type a = q, g,m. The mean thermal Mandelstam variable
〈Sab〉 ∼ 18T 2. The entropy density s(T ) is interpolated from lattice calculations [103].
4This picture is imposed because it is interesting to study the behavior of η/s assuming the long-short
distance transport correlation built up from kinetic theory is applicable to any system.
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Figure 5.4: (a) Temperature dependence of shear viscosity per entropy density (η/s)
for quasi-partons of quark (q), gluon (g) and monopole (m) type, as well as their overall
contribution (All). (b) The density fractions of q, g, m. Solid lines correspond to the
sQGMP model (CUJET3.0), while dashed ones correspond to the pQCD+HTL model
(CUJET2.0). The AdS/CFT perfect fluidity limit η/s = 1/4π is marked as SYM. The
shaded line is the Hadron Resonance Gas (HRG) η/s from [370]. The falling of sQGMP’s
η/s below 1/4π is due to the limitation of kinetic theory estimate of η/s in the low E
extrapolation of T 3/q̂(E ∼ 3T, T ) [282].
The q̂a=q ≡ q̂F is calculated as in Eq. (5.29). The q̂a=g,m for are computed via



















⊥) + Cgm(1− fq − fg)
]
, (5.34)















(Cmqfq + Cmgfg) + Cmm(1− fq − fg)/α2s(q2⊥)
]
. (5.35)
Clearly the η/s of the system is dominated by the component which has the largest ρa/q̂a.
We show in Fig. 5.4 the results from two models: the CUJET2.0 result assuming the
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pQCD HTL model of the QGP compared to the CUJET3.0 result based on the sQGMP
model. The former perturbative model clearly over-predicts the phenomenologically de-
duced η/s and has the wrong sign of temperature trend from RHIC to the LHC. On
the other hand, the nonperturbative sQGMP model features an especially small value
η/s ∼ 0.1 in T . 2Tc range, with a rapid increase toward high T , in line with empirical
data. The sQGMP model hence provides a viable path toward perfect fluidity in contrast
to all past attempts starting from perturbative jet quenching as considered in the JET
collaboration summary [276].
We have seen that the CUJET3.0 jet energy loss framework, based on the semi-quark-
gluon-monopole plasma (sQGMP) model that implements non-perturbative effects con-
strained by lattice QCD data, has led to several highly nontrivial findings: a consistent
description of both bulk perfect fluidity and high pT jet quenching phenomena; a strong
increase of q̂/T 3 accompanied by a strong decrease of η/s toward Tc; a simultaneous
description of high pT RAA and v2 data at RHIC and the LHC.
5.3 Robustness of perfect fluidity and jet quenching
in CUJET3.0
We have seen in the previous section that the CUJET3.0 generated a remarkable con-
sistency between the soft bulk “perfect fluidity” of the QGP and the hard jet transport
properties in the QGP. However, it has been noted in Section 5.1.5 distinctive deconfine-
ment schemes for color degrees of freedom that are all compatible with lattice data can be
implemented in the model. Therefore, it is crucial to study the CUJET3.0’s robustness
to theoretical uncertainties associated with the “slow” quark liberation as suggested by
L(T ) data compared to the “fast” quark liberation as suggested by the lattice light quark
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susceptibility χu(T ) data.
5.3.1 Implications of high pT observables
Let us first examine jet quenching observables in scheme (i)(ii)(iii) within the CUJET3.0
framework, in particular, leading light hadrons’ and open heavy flavors’ RAA(pT > 8 GeV)
(c.f. Eq. (3.55)) and v2(pT > 8 GeV) (c.f. Eq. (3.64)) in RHIC and the LHC semi-
peripheral A+A collisions are of interests. The results and corresponding data are plotted
in Fig. 5.5.
For high pT light hadrons (π
0 at RHIC, h± at the LHC), Fig. 5.5(a) shows that all
three schemes can describe the RAA(pT ) data at RHIC (8 < pT < 20 GeV) and the LHC
(8 < pT < 100 GeV) simultaneously, but only (i) and (ii) are compatible with the high
pT single π
0 and h±’s v2 as illustrated in Fig. 5.5(c). Since (i) and (ii) have different
liberation schemes hence rd’s, different absolute values of µE,M , but approximately the
same µE−µM near Tc, this observation indicates that in boosting the π0 or h±’s azimuthal
elliptical harmonics to be in line with data, the difference between µE and µM in the near
Tc regime plays a critical role. Notice that as suggested in the magnetic scenario, when
cooling down to pass T ∼ 1− 2Tc, the lightest hence the dominant DOFs in the medium
shift from EQPs to MQPs, and the color screening mass is one of the indicators of this
transition [297]. The fact that (i)(ii)’s µE(T ) − µM(T ) generates a larger v2 than (iii)’s
µE(T ) − µM(T ) which has a larger value and a lower zero point temperature T0 (T0 is
defined as µE(T0) = µM(T0)) implies that, v2 is sensitive to how the relative value of µE
and µM inverts near Tc – the higher the T0, the longer the path length that jets interact
with the strongly coupled monopole dominated medium at later time of the evolution,
the larger the azimuthal anisotropy. A further comment is on the absolute values of µE,M
in (i)(ii), clearly (ii)’s are larger. This is necessary because after T drops lower than T0,
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ALICE h± 20-30%
CMS h± 10-30%
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Figure 5.5: (a) Neutral pion (π0, brown) and charge particle (h±, blue)’s RAA(pT >
8GeV) in Au+Au 200 GeV and Pb+Pb 2.76 TeV 20-30% collisions, computed from CU-
JET3.0 with scheme (i)(5.26) αc=0.95, cm=0.3, χ
L
T (solid), (ii)(5.27) αc=0.95, cm=0.4,
χuT (dashed) and (iii)(5.28) αc=1.33, cm=0.3, χ
u
T (dotdashed), compared with correspond-
ing RHIC [149, 272, 273, 294] and the LHC [107, 152, 274, 292, 293] measurements. The
π0 and h±’s v2(pT > 8 GeV) are plotted in (c). (b) The CUJET3.0 results of D meson
(red) and B meson (green)’s RAA(pT > 8 GeV) at the LHC in (i)(ii)(iii) compared with
available data [271, 289, 371]. The D and B’s v2(pT > 8 GeV) are plotted in (d). Results
from all three schemes are compatible with light hadron (LH)’s RAA; while for LH’s v2,
(i) and (ii) can generate reasonable agreements with data, but (iii) underestimates the v2.
For open heavy flavors (HF), (ii) and (iii) have similar RAA predictions, both differ from
(i); while for HF’s v2, (i), (ii), and (iii)’s prediction are all different. Such differences
in the predictions for jet quenching observables from (i)(ii)(iii) suggest that data on high
pT RAA and v2 can impose stringent constraints on the nonperturbative properties of the
medium near Tc.
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MQPs dominates, (i)’s ρM is denser than (ii)’s, to get to the same magnitude of overall
jet suppressions, (ii) should possess larger color screening masses, c.f. Eq. (5.10).
For open heavy flavors, specifically, high pT D and B mesons, Fig. 5.5(b) shows their
respective RAA at the LHC Pb+Pb
√
sNN = 2.76 TeV collisions, computed from CU-
JET3.0 with scheme (i)(ii)(iii). Differing from the light hadrons’ RAA where (i)(ii)(iii)
have almost identical predictions, for D and B mesons, (ii) and (iii)’s RAA overlap, both
of which distinguish from (i)’s. One notices that (ii) and (iii) have different µE,M , but the
same liberation scheme χuT , which is distinct from (i)’s χ
L
T . This implies the open heavy
flavor’s high pT RAA is critically influenced by the rate at which chromo-electric DOFs are
deconfined (rd = dχT/dT ). This connection is intrinsically embedded in the CUJET3.0
framework because the heavier masses induced dead cone effects shuffled the weights of
the scattering potential (5.10) and the rest of the Eq. (5.18) in such a way that the to-
tal induced radiation became more sensitive to the deconfinement scheme rd rather than
screening masses µE,M for jet quenching in sQGMP. On the other hand, Fig. 5.5(d) shows
the prediction of open heavy flavor’s v2(pT > 8 GeV) at the LHC in CUJET3.0. The v2’s
are all different in scheme (i), (ii), and (iii). This suggests the open charm and beauty’s
v2(pT ) act as good probes of the nonperturbative (rd, µE, µM) near Tc. Let us mention
in passing that for the heavy quark dynamics in low pT region, the sQGMP model also
expects a strong temperature dependence of their in-medium diffusion coefficients (specif-
ically a “dip” near Tc), which has recently been shown as an essential ingredient toward
a simultaneous description of their RAA and v2 [372, 373].
If one views the above physical connections from a different angle, the set of RHIC
and the LHC heavy-ion collision data on high pT light hadron (LH) and open heavy
flavor (HF)’s RAA and v2 will provide stringent limits on the nonperturbative properties
of the QCD matter near Tc in the CUJET3.0 framework. Specifically, after parameters
in the model have been fixed by light quark’s RAA data, the rate at which color DOFs
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are deconfined rd and the color screening masses µE,M can be stringently constrained:
(1) light quark’s v2 regulates µE(T )− µM(T ) near Tc; (2) heavy quark’s RAA determines
rd(T ); (3) HF’s v2 distinguishes all rd(T ), µE(T ) and µM(T ).
5.3.2 q̂ and η/s
As discussed above, the high pT RAA and v2 data of light and heavy quarks can provide
stringent constraints on values of the nonperturbative (rd, µE, µM) near Tc. It is of great
interests to further compare how the jet and bulk transport properties differ in varied
schemes (i) (5.26), (ii) (5.27), and (iii) (5.28). This will pave the way for clarifying the
temperature dependence of jet quenching and shear viscous transport properties based on
available high pT data in high-energy A+A collisions.
Fig. 5.6(a)(b)(c) shows the dimensionless jet transport coefficient q̂/T 3 in CUJET3.0
for a quark jet with initial energy E = 20, 10, 2 GeV respectively, compared with the
CUJET2.0 result [216] and the AdS/CFT limit [281]. The q̂’s in scheme (i)(ii)(iii) are
plotted. Compared with (i) which has χLT “slow” quark liberation, the q̂ in (ii) and
(iii) which have χuT “fast” quark liberation scheme are significantly smaller. This may
be understood as follows: in the χuT scheme, as temperature rises, the chromo-electric
DOFs are excited faster than those in the χLT scheme, and leads to a smaller fraction
of magnetically charged quasi-particles in the near Tc regime. Since chromo-magnetic
monopoles are the key contributors to the enhancement of jet opacity, c.f. Section 5.5.2,
less monopoles thus result in a diminished q̂ in the χuT scheme compared with the one
in the χLT scheme. Interestingly, (ii) and (iii)’s q̂ still get close to the Super Yang-Mills
(SYM) limit near Tc. Noting that (ii) and (iii)’s µE,M behave very differently as shown in
Fig. 5.1(b), then a crucial observation one can draw is that among the nonperturbative
(rd, µE, µM), the high energy jet transport property which is determined by the quenching
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Figure 5.6: The temperature dependence of q̂/T 3 for a light quark jet (F) with initial
energy E = (a) 20 GeV, (b) 10 GeV, (c) 2 GeV in the CUJET3.0 framework (Red) with
the three schemes: (i) (5.26) (solid), (ii) (5.27) (dashed), and (iii) (5.28) (dotdashed). The
CUJET2.0 q̂F/T
3 with (αmax, fE, fM) = (0.39, 1, 0) (Blue) and the N = 4 SYM q̂SYM/T 3
[281] with ’t Hooft coupling λ = 4π (Black) are plotted for comparisons. The insets show
the corresponding absolute q̂F . Note that (ii) and (iii)’s q̂ are similar, and both are smaller
than (i)’s. (d) The η/s estimated in the kinetic theory using the q̂ extrapolation Eq. (5.33)
in CUJET3.0 with scheme (i) (solid) (ii) (dashed) (iii) (dotdashed), for quasi-parton type
q (quark, red), g (gluon, green), and m (monopole, blue). The total η/s is plotted with
black curves. The inset shows the number density fraction of q, g, m in the liberation
scheme χLT and χ
u
T . Note that in the near Tc regime, in the χ
u
T scheme, the total η/s is
dominated by q, while in the χLT “slow” quark liberation scheme the total η/s is dominated
by m. In addition, there is a clear η/s ∼ 0.12 minimum at T ∼ 210 MeV in (ii) and
(iii) which utilize the same χuT “fast” quark liberation scheme. This (η/s)min is larger and
phenomenologically more favorable than that in the “slow” quark liberation scheme.
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parameter q̂(T ), is sensitive to rd, i.e. the rate at which confined colors are excited near Tc.
Apart from such sensitivity, the near-Tc enhancement of jet-medium interaction is a very
robust feature in all schemes and is deeply tied with the nonconformal, nonperturbative
dynamics near the transition temperature. It may be worth mentioning that there are
studies based on holographic QCD models [374, 375] that build in near-Tc conformal-
breaking effects, that have found similar near-Tc enhancement of the q̂/T
35.
A surprising aspect of the comparison between CUJET2.0 and CUJET3.0 in Fig. 5.6,
is that both models describe equally well the azimuthally averaged RAA data (which
characterize overall suppression), in spite of their rather different functional forms of
q̂F (T ). The two models differ from each other most significantly in the near-Tc regime: the
q̂F/T
3 of CUJET3.0 is much larger than that of CUJET2.0 for T ∼ (1−2)Tc. Above T ∼
3Tc and by T ∼ 6Tc, the q̂F/T 3 of CUEJT2.0 is ∼ 50% larger than that of CUJET3.0. The
overall energy loss is controlled by q̂F (rather than q̂F/T
3) and therefore more dominated
by contributions from the high temperature QGP in the fireball. This explains why both
CUJET2.0 and CUJET3.0 are able to fit the overall RAA. The azimuthal anisotropy v2,
on the other hand, is more sensitive to the late time contributions to energy loss coming
from the lower temperature T ∼ (1 − 2)Tc part of the fireball. While CUJET2.0 fails to
describe v2, the CUJET3.0 successfully describes the v2 data precisely by virtue of the
strongly enhanced near-Tc contributions due to the emergent color magnetic monopole
degrees of freedom in the sQGMP. The contrast between the CUJET2.0 and CUJET3.0
demonstrates again the importance of simultaneous descriptions for both RAA and v2 data
in order to differentiate energy loss models.
The fact that remarkably different q̂(T ) dependence could be consistent with
the same RAA data, demonstrates clearly the inadequacy of focusing on the
5Thus the monopole density and other non-perturbative features of QCD matter may be studied using
AdS/CFT.
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jet path averaged quantity 〈q̂〉 as the only relevant medium property to char-
acterize jet energy loss. Evidently while the 〈q̂〉 captures the important transverse
“kick” factor, there are other essential factors like the actual chromo electric and magnetic
composition of the plasma, the screening masses and the running couplings at multiple
scales which all strongly influence jet energy loss and imprint their effects beyond just in
the 〈q̂〉 .
In Fig. 5.6(d) the q̂ extrapolated η/s in scheme (i)(ii)(iii) following Eq. (5.33) are
plotted. Note that when T < Tc, as T keeps cooling down η/s rises due to the hadron
resonance gas (HRG) contributions, as computed in [370, 376–378]. In terms of the total
η/s near Tc, both (ii) and (iii) have a clear minimum (η/s)min ∼ 0.12 at T ∼ 210 MeV,
while (i) has a (η/s)min ∼ 0.02 which is under the η/s ∼ 0.08 quantum bound. This
suggests (1) the liberation scheme of color DOFs, i.e. rd, significantly influences the lower
bound of η/s; (2) (η/s)min is insensitive to the screening masses µE,M . If one strictly





On the other hand, despite a ∆η/s ∼ 0.15 difference in the absolute magnitude, as
temperature increases, (i) and (ii)’s η/s rise at about the same rate, i.e. approximately
identical d(η/s)/dT , and both are larger than the one in (iii). Notice that (i) and (ii) have
different rd, µE and µM but similar µE − µM near Tc. This implies d(η/s)/dT is sensitive
to µE − µM but is only slightly affected by rd and the absolute values of µE,M .
Overall, the lesson that one learns from Fig. 5.6 is that rd and µE − µM determines
(η/s)min and d(η/s)/dT respectively. Combined with the observations that one draws
from Fig. 5.5, we can arrive at the following:
• If data of high pT light hadron (LH) and open heavy flavor (HF)’s RAA and v2 at
RHIC and the LHC with sufficiently small uncertainties become available, then in
the CUJET3.0 framework, after one has constrained the model parameters with LH’s
205
CHAPTER 5. JET QUENCHING IN NEAR-CRITICAL QGP
RAA and lattice calculations, one can use (1) LH’s v2 to estimate µE(T ) − µM(T )
near Tc; (2) HF’s RAA to constrain rd(T ); (3) HF’s v2 to limit the absolute values of
µE and µM as well as to further constrain rd(T ). Even if the (rd(T ), µE(T ), µM(T ))
are not completely fixed in CUJET3.0, insights on q̂(T ) and η/s(T ) can be drawn
within this model because for jet energy loss in sQGMP, (a) q̂(T ) is regulated by
rd(T ); (b) d(η/s)/dT is shaped by µE(T )− µM(T ) near Tc; (c) (η/s)min is bounded
by rd(T ).
• In addition, the investigation of how the near Tc physics affects the temperature
dependence of the bulk viscosity ζ/s(T ) as well as the role that ζ/s(T ) plays on
the experimental observables at RHIC and the LHC is a topic of significant inter-
ests, there have been studies from the soft hydro sector [243]. Investigating the
importance of ζ/s(T ) from the hard jet quenching sector within CUJET3.0 will be
explored elsewhere.
5.3.3 Alternative determination of jet transport coefficient
The q̂ computation above has followed the previous CUJET3.0 prescription [232] as given
in Eq. (5.29), where the scattering kernel for the jet transport coefficient q̂ is symmetric
under inter-exchange of E and M in accord with E-M duality considerations. There is
however a subtle ambiguity: the form of scattering potential in Eq. (5.29) differs from
the scattering potential in the generalized kernel Eq. (5.10) (as given in the second line
of Eq. (5.18)) that is used in the actual CUJET3.0 modeling. The 1/q2⊥ factors, present
in Eq. (5.18) while absent in Eq. (5.29), increase the weight of soft momentum transfers
in the computation of q̂. It is important to examine the results for q̂ and η/s determined
from the following alternative q̂′ measure of the CUJET3.0 quenching field, and compare
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(a)
CUJET3.0, Quark Jet, E=10GeV
αc=0.95, cm=0.3, χT
L , w/o 1/q2
αc=0.95, cm=0.4, χT
u , w/o 1/q2
αc=1.33, cm=0.3, χT
u , w/o 1/q2
αc=0.95, cm=0.3, χT
L , w/ 1/q2
αc=0.95, cm=0.4, χT
u , w/ 1/q2
αc=1.33, cm=0.3, χT
u , w/ 1/q2
CUJET2.0, αmax=0.39, fE,M=1,0
Hybrid SYM, λ∈[π,4π]
























Figure 5.7: (a) The temperature dependence of the dimensionless jet transport coefficient
q̂/T 3 for a light quark jet with initial energy E = 10 GeV in the CUJET3.0 framework
(Red) with scheme: (i) (5.26) (solid), (ii) (5.27) (dashed), and (iii) (5.28) (dotdashed),
compared with corresponding q̂′ (Green) as defined in Eq. (5.36). The CUJET2.0 q̂F/T
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with ’t Hooft coupling λ ∈ [π, 4π] (Black shaded) are plotted as references. (b) The shear
viscosity to entropy density ratio η/s estimated in the kinetic theory using extrapolation
Eq. (5.33) from q̂’s in (a). Note that there is a clear η/s minimum at T ∼ 210 MeV
in the CUJET3.0 framework regardless of the schemes been chosen. The corresponding
(η/s)′ (determined from q̂′) converges to the pQCD weakly-coupled QGP limit at high
temperature in (i)(ii)(iii) as expected. The (η/s)min in the fast liberation schemes always
sits above the quantum bound while in the Polyakov liberation it does not. In the near
Tc regime within the fast liberation schemes, the relative magnitude of η/s’s does not
follow the naive inverse of the quark q̂F ’s. This is because the computation of the (η/s)
′
receives enhanced contributions from softer scales that have stronger electric couplings,
and consequently suppressing the transverse mean free path.
them with the computation from Eq. (5.29):
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The “prime” generalizations of quenching parameters of gluon and monopole jets follow
straightforwardly. By substituting Eq. (5.36) into Eq. (5.33), one can compute the corre-
sponding (η/s)′ in the quasi-particle picture according to kinetic theory. Fig.5.7(a) shows
the temperature dependence of both q̂/T 3 and q̂′/T 3 for a light quark jet with initial
energy E = 10 GeV in the CUJET3.0 framework with scheme: (i) (5.26), (ii) (5.27), and
(iii) (5.28). Fig.5.7(b) shows the corresponding comparison of η/s and (η/s)′. There is a
clear η/s minimum at T ∼ 210 MeV in the CUJET3.0 framework in both ways of deter-
mining the quenching parameter. The (η/s)′ nicely converges to the weakly-coupled HTL
QGP limit at very high temperature T > 500 MeV in all (i)(ii)(iii) schemes, as expected
from Eq. (5.18) in the χT → 1 limit. Interestingly, for both estimates of η/s, the (η/s)min
in the “fast” quark liberation schemes stay above the quantum bound while in the “slow”
quark liberation scheme it does not. The general relations between [liberation schemes +
screening masses] and [(η/s)min + d(η/s)/dT ] that one could infer from Fig. 5.6 do not
alter significantly for the (η/s)′ results. Within the fast liberation schemes, in the near Tc
regime, the relative magnitude of η/s’s do not follow the naive inverse of the quark q̂F ’s.
This is understandable since the computation of (η/s)′ from Eq. (5.36) puts more weights
on softer scales that have stronger electric couplings, given αEαM = 1 at all scales. Thus
the important EM scattering channel is not affected while the transverse mean free path
will be suppressed due to larger EE scattering channel cross sections. Consequently one
gets smaller (η/s)′ values as compared with the η/s values.
5.3.4 Monopole density constraints
Thus far we have concentrated on using the total lattice QCD pressure, p(T ), to constrain
the chromo-magnetic-monopole (CMM) density assuming an ideal gas of chromo-electric-
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charged (CEC) and CMM degrees of freedom that leads to
ρm(T ) = ξpp(T )/T − ρq(T )− ρg(T ) ≡ ρ(PS)m (T ) . (5.37)
Where ξp = 1.012 for a Nc = 3, Nf = 2.5 Stefan-Boltzmann gas as in Eq. (5.30). We
refer to Eq. (5.37) as the Pressure Scheme (PS) to fix the partial pressure of magnetic
monopoles from the total pressure minus the suppressed semi-QGP densities.
Such a Pressure Scheme may suffer from the potential or “bag” B(T ) contribution
to thermodynamics whereby pressure p = Ts/4 − B and energy density ε = 3Ts/4 + B.
In this case one would then have nonzero “trace anomaly” ε − 3p = 4B and indeed
lattice QCD data have shown the existence of such a “bag” contribution. In this regard,
the entropy density s = (ε + p)/T , free from any “bag” terms, may serve as a useful
“counting” scheme for quasiparticle densities. We therefore also introduce an independent
Entropy Scheme (ES) for determining the total number density via ρ(T ) = ξss(T )/4,
where ξs = ξp/4 = 0.253 for a Nc = 3, Nf = 2.5 Stefan-Boltzmann gas, and examine the
corresponding uncertainty in our modeling.
As can be seen from Fig.5.8, in the Entropy Scheme (ES) the total quasiparticle density
is higher than in the Pressure Scheme (PS) due to the bag constant:
ρ(ES)m (T ) ≡ ξss(T )− ρq(T )− ρg(T ) = ρ(PS)m (T ) + ξpB(T )/T . (5.38)
Choosing the ES vs the PS scheme to fix the monopole density would increase the
monopole density near Tc by a factor of 2 and increases the q̂ by approximately 50% near
Tc. To fit the same reference path averaged RAA we would need to adjust the (αc, cm) in
CUJET3.0 and the (αmax, fE, fM) in CUJET2.0 somewhat respectively. Fig.5.10 shows
the absolute q̂ and the dimensionless q̂/T 3 in the two schemes. After readjusted (αc, cm)
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Figure 5.8: (a) The effective ideal quasiparticle density, ρ/T 3 = ξpP/T
4, in the Pressure
Scheme (PS, Blue) is compared with effective density, ρ/T 3 = ξpS/4T
3, in the Entropy
Scheme (ES, Red) based on fits to lattice data from HotQCD Collaboration [44]. The dif-
ference is due to an interaction “bag” pressure −B(T )/T 4 (Green) that encodes the QCD
conformal anomaly ε− 3p 6= 0. (b) The density fraction of the electric (E, red) and mag-
netic (M, blue) degrees of freedom in the χLT (solid, Eq. (5.11)) and χ
u
T (dashed, Eq. (5.25))
liberation scheme. The dimensionless E and M density ρ/T 3 in the two schemes are shown
in (c)χLT and (d)χ
u
T respectively, where both the ρ/T
3 in the PS (solid) and ES (dashed)
are plotted. In both liberation schemes, the ρm in the ES near Tc is around twice the ρm
in the PS.
in CUJET3.0 and (αmax, fE, fM) in CUJET2.0 to (0.6, 0.33) (as shown in Fig. 5.9) and
(0.35, 1, 0) respectively, the q̂ near Tc in ES is around 50% larger than in the PS.
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PHENIX 2008 π 0 20-30%
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Figure 5.9: In the CUJET3.0 model with Entropy Scheme (ES) and χLT liberation, the
αc and cm is adjusted to 0.6 and 0.33 to fit to the reference datum at the LHC R
h±
AA(pT =
12.5GeV) ≈ 0.3 as well as the lattice µM ([275], c.f. Fig. 5.1(b)). With this parameter
setup, the π0/h±’s high pT RAA and v2 at RHIC Au+Au 200GeV and the LHC Pb+Pb
2.76TeV 20-30% collisions are in perfect agreements with data [107, 149, 152, 272–274,
292–294]. The result of prompt D meson, B meson, and heavy flavor decay e− results in
the ES scheme is plotted in red, green, and orange, respectively.
The η/s in CUJET2.0 and 3.0 computed from inverting the q̂/T 3 according to Eq. (5.33)
are plotted in Fig.5.11. One sees that the η/s in the ES scheme hardly deviates from its
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Figure 5.10: (a) The q̂(T ) for a quark jet with initial energy E = 2 GeV (dotdashed), 10
GeV (solid), 50 GeV (dashed) computed according to Eq. (5.29) in the Pressure scheme,
for CUJET3.0 (red), CUJET2.0 (blue) and N = 4 SYM (black). The dimensionless
q̂(T )/T 3 is plotted in (c). (b)(d) The counterpart of (a)(c) in the Entropy scheme.
Note that (αc, cm) in CUJET3.0 and (αmax, fE, fM) in CUJET2.0 has been readjusted
to (0.6, 0.33) and (0.35, 1, 0) respectively fit to the LHC reference datum (cf. Fig. 5.5).
The q̂ in the ES near Tc is ∼ 50% larger than in the PS due to the “bag” contribution.
value in the PS scheme. This is understood since η/s is dominated by the “free” quasi-
quark degrees of freedom. The monopole fluid is almost viscous free in either scheme as
one has already seen in Fig.5.6.
From this consideration we see that requiring the consistency of hard and soft probes
can only determine a lower bound on the monopole density near Tc. Our default PS
scheme is above that lower bound. We leave the search for that lower bound to a future
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Solid: Pressure Scheme αmax=0.39 fE,M=0,1
Dashed: Entropy Scheme αmax=0.35 fE,M=0,1

















Solid: Pressure Scheme αc=0.95 cm=0.3
Dashed: Entropy Scheme αc=0.6 cm=0.33











Figure 5.11: (a) The η/s in CUJET2.0 for quasi-quarks (q, red), quasi-gluons
(g, green), and its total value (black) computed from inverting the q̂/T 3 according to
Eq. (5.33). The solid lines correspond to the PS scheme, while the dashed lines corre-
spond to the ES scheme. (b) The counterpart of (a) in CUJET3.0. Note that the addition
of the monopole (m, blue) like quasi-particle degrees of freedom in sQGMP does not alter
the overall η/s significantly since the strong magnetic coupling shrinks the transverse mean
free path for monopoles and suppresses the shear viscosity contributions from monopoles.
Since the sQGMP is dominated by monopole degrees of freedom near Tc, the total η/s in
the PS and ES scheme then should naturally converge to the same value.
study.
5.4 Path length dependence of energy loss in sQGMP
CUJET3.0 is a jet quenching framework that hybridizes the perturbative dynamical DGLV
opacity expansion theory, the TG elastic energy loss, and the nonperturbative sQGMP
near Tc. It is consistent with high pT RAA and v2 data at RHC and the LHC simultane-
ously, and intrinsically builds a connection between high energy jet quenching and bulk
perfect fluidity [232]. Beyond this phenomenological success, a crucial question to ask is
how does the path length dependence of jet energy loss behave in this hybrid model. From
addressing this, one can gain insights into e.g. at what temperature does the nonperturba-
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tive physics enter jet quenching, why different q̂(T )’s lead to the same suppression factor
in CUJET3.0 and CUJET2.0, whether or not the beyond leading order effects change
light and heavy quark energy loss identically, etc.
To obtain useful insights about the path length dependence of jet energy loss in general
scenarios, one can take a step back to look at the a-b-c model [225, 291] (c.f. e.g. Section
2.3.5) where the parton energy loss is simplified as a power law of the energy E, the path
length L, and the local temperature T:
dE
dL
= −κEaLbT 2−a+b . (5.39)
Depending on the underlying energy loss mechanism, b may take quite different values
(see discussions in e.g. [225, 291]: for collisional processes dominated energy loss, b ≈ 0; at
leading order (LO) in pQCD, for non-Abelian bremsstrahlung processes dominated energy
loss, b ≈ 1; as the coupling strength αs becomes extremely strong (as well as Nc →∞) and
AdS/CFT correspondence is applicable, holographic jet quenching generally has b ≈ 2. In
the following subsections, after we have interpolated (∆E/E)(L) at various temperatures,
we will further extract a “b” factor from b = d log(∆E/E)/d log(L/L0)−1. In contrast to
the abc model with “global” power law dependence for the jet energy loss, our extracted
“b” factor will be a sort of “local index” but it nevertheless is an informative indicator
that can help achieve deeper understandings about the energy loss dynamics encoded in
the computed (∆E/E)(L) from the CUJET3.0.
5.4.1 Light quark
In the radiative sector, there have been next-to-leading order (NLO) pQCD calculations
for energy loss assuming massless projectile partons [283, 285–287], and they all suggest
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a double logarithmic path length dependence of the jet quenching parameter, i.e.
q̂ ∝ log L̃(1 + log2 L̃) . (5.40)
Where L̃ ≡ L/L0 and L0 is a proper ultraviolet cutoff. Generally speaking, the differential
jet energy loss has dE/dL ∝ q̂L. Let us assume log L̃ varies much slower than L̃, after
straightforward integrations and simplifications, one arrives at
log(∆E/E) ∝ 2 log L̃+ log log L̃+ log(1 + log2 L̃) + const . (5.41)
This form is of course not general enough because of the log L̃ approximation and it is







+ log(1 + C log
L
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to interpolate the path length dependence of radiative jet energy loss in sQGMP within
the CUJET3.0 framework. On the other hand, combining the above with Eq. (5.39), one
can easily get




= B − 1 + C





→ B − 1 (L→∞) . (5.45)
The upper panels of Fig. 5.12 show the path length dependence of the radiative energy
loss ∆E/E of a light quark jet (mass M = 200 MeV) with initial energy E = 20 GeV
traversing a brick plasma (fixed density) at varied temperatures in CUJET3.0 and in
CUJET2.0. The (a)(b)(c)(d) corresponds to jet quenching in the brick medium with
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Figure 5.12: Upper: The radiative energy loss ratio ∆E/E of a light quark jet
(M = 200 MeV) with initial energy E = 20 GeV propagating through a brick plasma
with various thicknesses L at temperature T = (a) 450, (b) 300, (c) 200, (d) 160 MeV, in
the CUJET3.0 αc = 0.95, cm = 0.3, χ
L
T model (red) and in the CUJET2.0 αmax = 0.39,
fE = 1, fE = 0 model (blue). As temperature decreases, CUJET3.0’s ∆E/E(L) and the
stopping distance L1 (defined in Eq. (5.46)) respectively gets steeper and larger compared
with CUJET2.0’s. At low and intermediate T, (∆E/E)v3.0 < (∆E/E)v2.0 in the small L
regime. Lower: The path length L dependence of the power b in Eq. (5.43) at different
temperatures. Note that b = 0, 1, 2 is approximately the elastic, pQCD and AdS limit
respectively. At high temperature T ∼ 400 MeV, the b(L) of CUJET3.0 and CUJET2.0
converge to around the pQCD limit. As temperature cools down, when T ∼ 300 MeV,
CUJET3.0’s b(L) start becoming larger than CUJET2.0’s. This signals the transition
from E to M dominant as well as from weak to strong coupling for the bulk. In the near
Tc regime, the b(L) in the CUJET3.0 framework is higher than LO pQCD, and is close
to the AdS limit. This implies the model ingredients in CUJET3.0 do effectively bring in
nonperturbative dynamics into the original pQCD/DGLV energy loss kernel.
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temperature T = 450, 300, 200, 160 MeV respectively. In the computation, Eq. (5.18)
and Eq. (3.8) is used for CUJET3.0 and CUJET2.0 respectively, and the Monte-Carlo
integration is iterated 1,000,000 times to enforce convergence. The brick size L is increased
from 0.45 fm to 3.05 fm with 0.5 fm intervals. We fit the ∆E/E vs L in both CUJET3.0
and CUJET2.0 with Eq. (5.42). Note the phenomenon that ∆E/E exceeds 1 for some
large size bricks is purely technical, since in the computation E is not dynamically updated
in Eq. (5.18) and (3.8) as jets propagate through and lose energies. Nevertheless, the
∆E/E(L) at small L’s6, the slope of ∆E/E(L), the thickness where ∆E/E = 1, and
the relative information about jet energy loss at the four different temperatures are all
meaningful.
For the CUJET2.0 model with pQCD+HTL, as temperature decreases, d(∆E/E)/dL
is altered significantly. Define the stopping distance L1 as
L1 : ∆E/E|L=L1 = 1 . (5.46)
It monotonically increases in this picture. This is as expected, since in the CUJET2.0,
bricks with lower temperatures have less opacities, and it takes a longer path for a jet
to lose all the energy. However, for the L1 in CUJET3.0, though it monotonically in-
creases, its increasing rate is much less than CUJET2.0’s. More importantly, the CU-
JET3.0’s d(∆E/E)/dL significantly grows as the temperature decreases below T = 300
MeV. All these observations point to the fact that, as the temperature approaches Tc,
chromo-magnetic monopoles gradually dominate the medium, since αM  αE, the jet-
medium interaction may weaken at a reduced rate or it may be enhanced (as indicated by
Fig. 5.6(a), this is the correct picture) despite the decrease of the quasi-particle number
density.
6Since with a smooth viscous hydro evolution background, the jet parton will stay at a certain tem-
perature for limited time, the relevant energy loss informations are mostly at short L.
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To this point, there is a critical question that one should address regarding the
jet energy loss in sQGMP: if one compares the CUJET3.0 and CUJET2.0’s q̂/T 3 in
Fig. 5.6(a)(b), the former is always above the latter in the temperature range of T < 450
MeV, then why can both of them can reasonably describe the high pT light hadron’s RAA
at RHIC and the LHC? The upper panels of Fig. 5.12 give one the answer: at T = 400
MeV, CUJET3.0 and CUJET2.0’s ∆E/E(L) almost overlap; as the temperature cools
down, because of the transition of the nonperturbative medium from EQPs dominate to
MQPs dominate, the CUJET3.0’s ∆E/E(L) becomes steeper and steeper than the CU-
JET2.0’s, while the former’s L1 becomes less and less than the latter’s; these effects lead
to (∆E/E)v3.0 < (∆E/E)v2.0 at small L < Leq, where Leq is defined as
Leq : (∆E/E)v3.0|L=Leq = (∆E/E)v2.0|L=Leq , (5.47)
and this Leq keeps enlarging as T decreases. For jet suppressions in a hydrodynamically
evolving smooth medium in A+A collisions, along a given jet path (let the initial pro-
duction point be at the origin), if one sequentially divides it into sections with average
temperature of 450, 300, 200, 160 MeV and marks the traveling time in each section as
l450, l300, l200, l160, in a general estimation, the ordering is l450 > l300 > l200 > l160, and








dL [(∆E)v3.0 − (∆E)v2.0] . (5.48)
Although ∆E(T = 450, 300 MeV) are most likely positive, ∆E(T = 200, 160 MeV) can




∆E ≈ 0, meaning similar averaged RAA predictions for CUJET3.0 and
CUJET2.0.
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The lower panels of Fig. 5.12 show the extracted power b (b ≡ d log(∆E/E)/d log(L/L0)−
1, c.f. Eq. (5.43)) versus the brick thickness L. A first observation is that, at high tem-
perature, the CUJET3.0’s b(L) is almost identical to CUJET2.0’s; but as T goes down,
starting from T ∼ 300 MeV, the former gets larger than the latter. This is a clear sig-
nal showing that the chromo-magnetic monopoles begin emerging and bringing up strong
coupling effects from T ∼ 300 MeV ≈ 1.8Tc. Let L2 be the path length that satisfies
b(L = L2) = 1 . (5.49)
In both CUJET2.0 and CUJET3.0, L2 increases as the temperature decreases, this is
understood as the opacity L/λ = ρσL ∼ T 3L, if T drops, a larger L is required to
keep the same opacity level and hence the similar antenna structure. Meanwhile, the
CUJET2.0’s db/dL̃ does not undergo significant shifts as temperature varies, but this is
not the case for CUJET3.0. Define
b1.5 ≡ b (L = 1.5 fm) . (5.50)
In CUJET2.0, b1.5 rises from ∼ 0.6 at 450 MeV to ∼ 1.2 at 160 MeV, which is roughly
consistent with the LO pQCD expectation of b = 1. In CUJET3.0, the b1.5 rises from
∼ 0.6 at 450 MeV to ∼ 2.5 at 160 MeV, suggests that the sQGMP introduces some
nonperturbative effects into the DGLV opacity series and effectively parameterizes the
resummation of higher orders in the full QCD amplitude.
5.4.2 Heavy quarks
Let us now turn to the path length dependence of the heavy quark energy loss in the
sQGMP. The upper panels of Fig. 5.13 show the ∆E/E(L) of a heavy quark jet (mass
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Figure 5.13: The radiative energy loss ratio ∆E/E and the power b (c.f. Eq. (5.43))
of a heavy quark jet (M = 4.75 GeV) with initial energy E = 20 GeV traversing a
brick plasma with thickness L at various temperatures in CUJET3.0 and in CUJET2.0.
All marks and computational details are the same as in Fig. 5.12. Note that the heavy
quark’s d(∆E/E)/dL and b(L) are smaller than the light quark’s as expected from the
dead cone suppression. At high T ∼ 450 MeV, both CUJET3.0 and CUJET2.0 converge
at around the linear elastic energy loss limit. As T drops towards Tc, beginning from
T ∼ 300 MeV, the CUJET3.0’s b(L) starts deviating from CUJET2.0’s because of the
emergence of chromo-magnetic monopoles; the former’s ∆E/E(L) gets steeper than the
latter’s, while L1 (c.f. Eq. (5.46)) gets shorter. All these alternations for the heavy
quark jet quenching are similar to those for the light quark, and the magnitude of the
b(L) deviation for the two different flavors are almost identical. This suggests that the
nonperturbative effects in the near-Tc sQGMP modify the energy loss kernel of light and
heavy quarks in a very similar way.
M = 4.75 GeV) with initial energy E = 20 GeV transversing a brick plasma at T =
450, 300, 200, 160 MeV, in CUJET3.0 and in CUJET2.0. Except for the jet mass M , all
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technical details in this computation are the same as the in the one for the light quark
energy loss. Compared with Fig. 5.12, one notices that the slopes of ∆E/E(L) in both
CUJET3.0 and CUJET2.0 are more gentle for the heavy quark than for the light quark,
and the L1 (c.f. Eq. (5.46)) grows faster when cooling down. This clearly indicates the
dead cone effects suppress the induced radiation regardless of whether or not the sQGMP
is present. As the temperature gets lower, for heavy quarks, CUJET3.0’s ∆E/E(L) and
L1 also becomes steeper and smaller than CUJET2.0’s. This phenomenon has the same
physical origin as for light quarks discussed in Section 5.4.1, i.e. a transition from EQPs
to MQPs dominate. Interestingly, in the near Tc regime, the Leq (c.f. Eq. (5.47)) for heavy
quarks is smaller than for light quarks. Based on the discussions in Section 5.4.1, this
will lead to the high pT leading B meson RAA predictions from CUJET3.0 being slightly
lower than CUJET2.0. In fact, this is case from the comparison of the RBAA in [232] and
in [216].
The lower panels of Fig. 5.13 show the extracted power b (c.f. Eq. (5.43)) versus the
medium thickness L. Notice that for some temperatures at large L, the b becomes less
than 1, nevertheless this can be neglected since in these regimes the ∆E/E has became
larger than 1, which is unphysical. In CUJET2.0, the b1.5 (c.f. Section 5.4.1) rises from
∼ 0.3 at 450 MeV to ∼ 0.6 at 160 MeV, this is weaker than the LO pQCD radiative energy
loss b = 1, and approaches the elastic limit b = 0. Compared with the energy loss for light
quarks, the dead cone suppression is significant for heavy quarks. In CUJET3.0, the b1.5
rises from ∼ 0.4 at 450 MeV to ∼ 1.6 at 160 MeV, this suggests the strong coupling effects
hence high order resummations also enter the energy loss kernel for the heavy quark jet.
At high T ∼ 450 MeV, the CUJET3.0’s and CUJET2.0’s b(L) overlap, as T drops,
beginning from T ∼ 300 MeV, the former starts to deviate from the latter, suggesting the
commencement of monopoles taking control of the medium transport properties. This
initiating temperature Tinitial ∼ 300 MeV for the heavy quark coincides exactly with the
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Tinitial for the light quark; meanwhile, the magnitude of the deviation in b(L) between
CUJET3.0 and CUJET2.0 for the two different flavors resemble each other; these obser-
vations imply that the nonperturbative effects due to the sQGMP near Tc influences the
light quark jet quenching and the heavy quark jet quenching in approximately the same
manner within CUJET3.0.
5.5 Systematic analysis of CUJET3.0
5.5.1 Relativistic flow corrections
Generally speaking, in pQCD based energy loss models, the non-Abelian bremsstrahlung
amplitudes are derived assuming a static QGP medium [144, 145, 171, 379, 380]. With
a hydrodynamically evolving background, flows move at relativistic velocities in certain
cells at certain times; if a light-like jet happens to pass through a unit cell flowing close to
the speed of light, since the radiative formulas are applicable only in the co-moving frame,
then one should boost back to the lab framework for correct predictions of jet quenching
observables. Therefore, modifications on a pQCD energy loss theory are necessary if it is
coupled to a hydrodynamically expanding medium.
In [234, 235], the relativistic flow corrections to q̂ are calculated using weak and strong
coupling approaches. The authors in those papers derived that in existence of hydrody-






1− ~βj(~z) · ~βf (~z)
]
. (5.51)
Where ~z and pµ = (p0, ~p) are the coordinate and the four momentum of the jet parton
in the lab frame, respectively. Note that ~βj = ~p/p0. The u
µ
f = γf (1,
~βf ) is the flow four
velocity.
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Therefore, to systematically study the relativistic corrections to the energy loss kernel
hence jet quenching observables, we compare three schemes: (1) Γ = γf (1 − ~βj · ~βf ); (2)
Γ = 1− ~βj · ~βf ; (3) Γ = 1.
Fig. 5.14(a)(b) shows the results of high pT charged particles’ RAA(pT ) and v2(pT ) at
the LHC Pb+Pb
√
sNN = 2.76 TeV 20-30% centrality collisions using scheme (1)(2)(3)
within CUJET3.0 and CUJET2.0, compared with available data [107, 152, 274, 292,
293]. While all the six combinations generate good agreements with the RAA, only the
CUJET3.0 results are consistent with the v2. It is because the nonperturbative sQGMP
in the CUJET3.0 framework strongly enhances the strength of parton-medium interaction
near Tc, effectively increases late time jet energy loss, and boosts the underestimated v2
to be in line with data [232].
Surprisingly, as shown in Fig. 5.14(b), the relativistic flow correction scheme (1)(2)(3)
do not alter the v2 significantly in both CUJET3.0 and CUJET2.0, despite very different
values of αc and αmax (note that αc’s and αmax’s are adjusted to fit reasonably the reference
datum Rh
±
AA(pT = 12.5 GeV) ≈ 0.3). Under eikonal approximation, a jet path is fixed once
the initial jet production coordinate and the azimuthal jet propagation angle are specified.
Therefore, the robustness of the RAA and v2 in response to relativistic flow corrections
can be understood as along the fixed jet path, the number of parton-medium scatterings
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Figure 5.14: Charged particles’ (a) RAA and (b) v2 in the LHC Pb+Pb
√
sNN=2.76TeV
semi-peripheral collisions, computed from CUJET2.0 HTL fE = 1, fM = 0 (purple) and
CUJET3.0 cm = 0.3 (red) with relativistic flow corrections (1) Γ = γf (1− ~βj · ~βf ) (solid)
[234, 235]; (2) Γ = 1− ~βj · ~βf (dashed); (3) Γ = 1 (dotdashed) to the energy loss kernel,
compared with relevant data [107, 152, 274, 292, 293] (blue). The parameters αmax (v2.0)
and αc (v3.0) are adjusted to fit to the R
h±
AA(pT = 12.5GeV) ≈ 0.3 reference datum. Note
that both RAA and v2 do not distinguish the different flow corrections at a measurable
level. This can be partially understood as the number of parton-medium scatterings is
fixed for a given jet path in any frame once the initial production coordinate and azimuthal
propagation angle have been specified.
is invariant in any frame. To be more careful, one would argue that the v2 shifts by ∼ 0.01
from scheme (3) Γ = 1 to (1) Γ = γf (1− ~βj · ~βf ), which is not “unchanged”. In fact, this
magnitude of variation is consistent with the conclusion of [235], where the authors argue
that the corrections on ordinary jet quenching observables because of the hydro flow are
too small to be measured hence can be neglected at current stage.
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5.5.2 Origin of near Tc enhancement in CUJET3.0
In CUJET3.0, the dimensionless jet quenching parameter q̂/T 3 is strongly enhanced in
the near Tc regime, and several factors may contribute to this enhancement: the enlarge-
ment of αs → αc as T → T+c in Eq. (5.19), the separation of the electric and magnetic
quasi-particle density fraction according to Eq. (5.11), and the magnetic screening mass
regulator cm in Eq. (5.16). A critical question to ask is: which factor contributes most
significantly to the enhancement of the jet opacity in sQGMP? In order to answer this,
a practical solution is to hybridize the CUJET2.0 running coupling scheme (denote it as
αmax, Eq. (3.9)) with the CUJET3.0 energy loss kernel (denoted it as QGMP, Eq. (5.18));
and hybridize the CUJET3.0 running coupling scheme (denote it as αc, Eq. (5.19)) with
the CUJET2.0 energy loss kernel (denot it as HTL, Eq. (3.8)); then compare the pre-
dictions of jet quenching observables, in particular, high pT RAA and v2 from the four
models: [αc/αmax] + [QGMP/HTL].
Fig. 5.15(a) shows the running coupling used in the four models, note that the pa-
rameters are fixed by fitting the LHC Rh
±
AA(pT = 12.5 GeV) ≈ 0.3 reference datum, c.f.
Fig. 5.16(a). Note that the [αmax]+[QGMP] model has a weaker chromo-electric coupling
in the near Tc regime but a stronger one at large Q > 2 GeV than the [αc]+[QGMP] model.
This model also has a smaller αemax = 0.24 than the αmax = 0.39 in the [αc]+[HTL] model.
It is as expected since [αmax]+[QGMP] has an extra monopole fraction with extremely
strong couplings.
Fig. 5.15(b) shows the electric and magnetic screening masses in the four models
compared with lattice data [275]. Both [αmax]+[QGMP] and [αc]+[QGMP] can describe
both µE and µM reasonably well. Both [αmax]+[HTL] and [αc]+[HTL] are in agreements
with µE, but they have µM = 0 because fM = 0 in [HTL] [219].
Fig. 5.16 show the results of high pT light hadrons’ (a) RAA and (b) v2 in the four
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Figure 5.15: (a) The running strong coupling αs(Q
2) in four different models,
[αc/αmax] + [QGMP/HTL]. Notice that αmax (dashed) and αc (solid) is parametrized
as in Eq. (3.9) and Eq. (5.19) respectively. Note in the CUJET3.0 energy loss kernel,
i.e. Eq. (5.18) [QGMP], both chromo-electric (red) and chromo-magnetic (blue) coupling
exists, while in CUJET2.0 energy loss kernel, i.e. Eq. (3.8) [HTL], only the electric cou-
pling (green) is present. (b) The electric screening mass (µE) and magnetic screening
mass (µM) as temperature varies in the four models, compared with lattice data (E, red;
M, blue; [275]). Note in plotting the [αc/αmax] + [QGMP/HTL] results, the curve styles
are the same as in panel (a). In [αc], Tc = 160 MeV; In [αmax], ΛQCD = 200 MeV. Note
that in [HTL] the magnetic screening mass is zero because fM = 0 [219].
models, i.e. [αc or αmax] + [QGMP or HTL], at the LHC Pb+Pb
√
sNN = 2.76 TeV
20-30% collisions, compared with available data [107, 152, 274, 292, 293]. Note the model
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[αc or αmax] + [QGMP or HTL]
h±: αc=0.95, QGMP cm=0.3
h±: αmax=0.24, QGMP cm=0.3
h±: αc=2.38, HTL (fE,fM)=(1,0)
h±: αmax=0.39, HTL (fE,fM)=(1,0)



















[αc or αmax] + [QGMP or HTL]
h±: αc=0.95, QGMP cm=0.3
h±: αmax=0.24, QGMP cm=0.3
h±: αc=2.38, HTL (fE,fM)=(1,0)
h±: αmax=0.39, HTL (fE,fM)=(1,0)











Figure 5.16: Charged particles’ (a) RAA and (b) v2 in the LHC Pb+Pb
√
sNN=2.76
TeV semi-peripheral collisions, computed from CUJET2.0 [HTL] fE = 1, fM = 0 (green,
Eq. (3.8)) and CUJET3.0 [QGMP] cm = 0.3 (red, Eq. (5.18)) with the [αmax] (dashed,
Eq. (3.9)) and [αc] (solid, Eq. (5.19)) running coupling scheme, compared with available
data [107, 152, 274, 292, 293] (blue). The parameter αmax and αc are adjusted to fit to
the Rh
±
AA(pT = 12.5 GeV/c) ≈ 0.3 reference point. Note that while all four models can
explain the high pT RAA, only [αc]+[QGMP] and [αmax]+[QGMP] can explain the high pT
v2. This suggests the emergence of chromo-magnetic monopoles as T → T+c contributes
most significantly to the strongly enhanced q̂/T 3 near Tc and generates the simultaneous
description of high pT light hadrons’ RAA and v2.
parameters in the four models are fixed as:
[αc] + [QGMP] : αc = 0.95, cm = 0.3 ; (5.53)
[αmax] + [QGMP] : αmax = 0.24, cm = 0.3 ; (5.54)
[αc] + [HTL] : αc = 2.38, fE = 1.0, fM = 0.0 ; (5.55)
[αmax] + [HTL] : αmax = 0.39, fE = 1.0, fM = 0.0 . (5.56)
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While all four models are compatible with the RAA data, only [αc or αmax] + [QGMP]
can fit to the high pT charged particles’ v2. Note that the boost in azimuthal ellip-
tical harmonics is contributed mainly by the enhancement of the jet opacity near Tc;
[αc]+[QGMP] and [αmax]+[QGMP] have different running coupling schemes as well as
different µM ’s in the near Tc regime but share the same CUJET3.0 energy loss kernel;
we can therefore conclude that the dividing of electric (E) and magnetic (M) fractions
according to Eq. (5.11) results in the transition of the nonperturbative medium from E
dominance to M dominance as temperature goes towards T+c , and contributes most sig-
nificantly to the strongly enhanced parton-medium interaction near Tc for the jet energy
loss in semi-Quark-Gluon-Monopole-Plasmas.
5.6 Conclusions
We have presented a detailed study of the jet energy loss in semi-Quark-Gluon-Monopole-
Plasmas (sQGMP), within the new CUJET3.0 framework of jet quenching in bulk con-
strained (VISH2+1D) viscous hydrodynamic backgrounds by extending the perturbative
QCD based (CUJET2.0) model to include possible non-perturbative chromodynamical
features of the QCD confinement phase transition near Tc ≈ 160 MeV. We test the ro-
bustness and consistency of this new model by comparing predictions of the leading hadron
nuclear modification factor, RAA(pT > 10 GeV/c,
√
s), and its azimuthal elliptic asymme-
try v2(pT > 10 GeV/c,
√
s) with available data from nuclear collisions at RHIC(
√
s = 0.2
ATeV) and the LHC(
√
s=2.76 ATeV). The sQGMP model depends on two parameters:
(1) the value of the QCD running coupling αc ≈ 0.95−1.33 at low Q < Tc and (2) the ra-
tio cm = gµE/µM of nonperturbative electric to magnetic screening scales. We study two
specific cases, cm = 0.3, 0.4. The value of αc is fixed for each case by fitting a single refer-
ence datum, RchPbPb(pT = 12 GeV/c) ≈ 0.3 at the LHC at 20-30% centrality. Consistency
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with all available data is then tested comparing predictions of CUJET3.0 on RhAA(pT )
and vh2 (pT ), for h = π,D,B at both RHIC and the LHC. The emergent chromomagnetic
degrees of freedom in the sQGMP model near Tc are shown to solve efficiently the long
standing RAA vs v2 puzzle by leading to a broad maximum of the jet quenching parameter
q̂(E, T )/T 3 between (1− 2)Tc. In addition and most remarkably, by extrapolation of the
sQGMP q̂ down to thermal energy E ∼ 3T scales one finds the shear viscosity to entropy
density ratio η/s ≈ T 3/q̂ ∼ 1/4π to be near the unitarity bound, in the critical (1− 2)Tc
transition temperature range, which is consistent with viscous hydrodynamic fits to bulk
azimuthal harmonics vn at pT < 2 GeV/c.
A key theoretical uncertainty of this model is the rate at which color electric degrees
of freedom are liberated near the deconfinement transition temperature Tc. We have
investigated three very different schemes of color liberation and found that the various
rates does not alter the model’s agreements with high pT single light hadrons (LH)’ RAA.
However, this rate (rd ≡ dχT/dT ) considerably influences the temperature dependence
of the electric screening mass. It is found that the light hadrons’ v2(pT > 10 GeV) is an
observable that is sensitive to the difference between the electric (E) and magnetic (M)
screening mass (µE,M) near Tc. For open heavy flavors (HF), rd regulates their high pT
RAA’s in CUJET3.0, and their v2’s are affected by both the screening masses and the rd.
In terms of the jet quenching parameter q̂, it is influenced by rd, but is insensitive to the
screening masses. On the other hand, for the shear viscosity to entropy density ratio η/s,
(η/s)min and d(η/s)/dT would vary strongly if rd and µE − µM changes.
Therefore, for jet quenching in sQGMP from the CUJET3.0 framework, after model
parameters are constrained by data of LH’s RAA and relevant lattice calculations, the
rate of deconfinement rd and the screening masses µE,M affect jet fragments observables
in different ways: (1) µE −µM near Tc influences LH’s v2; (2) rd influences HF’s RAA; (3)
rd and absolute values of µE,M influence HF’s v2. On the other hand, the CUJET3.0’s jet
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transport coefficient q̂ and the shear viscosity η/s are affected by rd and µE,M differently:
(a) q̂(T ) is constrained by rd(T ); (b) d(η/s)/dT is constrained by µE(T ) − µM(T ) near
Tc; (c) (η/s)min is constrained by rd(T ). Given our findings of these dependences, it is
expected that such model uncertainties can be significantly reduced by experimental input
such as future high precision data for LH and HF’s RAA as well as v2 at both RHIC and
the LHC. For example, the HF’s RAA limits rd(T ) therefore constrains q̂(T ) and (η/s)min,
LH’s v2 limits µE − µM near Tc therefore constrains d(η/s)/dT , while the two can be
combined to infer the functional shape of η/s(T ); in addition, HF’s v2 can be utilized to
constrain the absolute magnitude of µE(T ) and µM(T ).
In summary, with our detailed investigations of the jet quenching phenomena in the
sQGMP model, we conclude that the phenomenological consequences of the sQGMP, for
both hard and soft probes in heavy ion collisions, stay very robust with respect to certain
important systematic theoretical uncertainties. The phenomenological success includes
simultaneous descriptions of all available high pT RAA and v2 data at both RHIC and the
LHC, as well as providing an intuitive dynamical mechanism that may explain how the
shear viscosity to entropy density ratio could approach the 1/4π unitarity bound in the
vicinity of Tc as required to explain the bulk low pT < 2 GeV “perfect fluidity”. The
sQGMP model therefore provides a first model that consistently accounts for both hard
and soft transport properties of the new state of QCD matter discovered in high energy
nuclear collisions at RHIC and the LHC.
We end by emphasizing again the fact that remarkably different q̂(T ) dependences
could be consistent with the same RAA data, demonstrates clearly the inadequacy of
focusing on the jet path averaged quantity 〈q̂〉 as the only relevant medium property to
characterize jet energy loss. Evidently while the 〈q̂〉 captures the important transverse
“kick” factor, there are other essential factors like the actual chromo electric and magnetic
composition of the plasma, the screening masses and the running couplings at multiple
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scales which all strongly influence jet energy loss and imprint their effects beyond just
〈q̂〉 . It is of significant interest and importance to thoroughly exploit these multiple
facets of jet physics and the opportunities they offer for progressing toward an ultimate
understanding of the microscopic making of the sQGP.
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Chapter 6
More results from CUJET3.0
In the previous chapter we have seen that, the long-standing “high pT v2 puzzle” and
inconsistency between soft bulk “perfect fluidity” of the QGP and hard jet transport
properties in the QGP, are both successfully solved by the CUJET3.0 jet energy loss
framework through introducing a microscopic, lattice data constrained semi-quark-gluon-
monopole plasma (sQGMP) into the dynamical running coupling DGLV opacity series
coupled with viscous hydrodynamical backgrounds. Results from CUJET3.0 are proven
to be robust to theoretical uncertainties within the model such as specific choices of the
deconfinement scheme near the transition temperature Tc. In this chapter we will show
more systematic results from the CUJET3.0 that can be tested with on-going measure-
ments of jet quenching observables in RHIC and the LHC heavy-ion collisions. If they
were all verified, then there will be strong phenomenological evidences for the emergence
of strongly-coupled chromo-magnetic monopoles (CMM) in these experiments, though the
intrinsic analytical structure for CMM within QCD is yet to be clarified.
The predictions from the CUJET3.0 model that will be presented in this chapter
include: the centrality dependence of RAA and Rcp for prompt D mesons, a systematic
analysis of the suppression of open heavy flavors and heavy flavor decay electrons in A+A
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Figure 6.1: The RAA and Rcp of prompt D
0 at Pb+Pb 2.76 ATeV collisions computed
from CUJET3.0. Different centrality and transverse momentum bins are considered.
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Fig. 6.1 shows the CUJET3.0 results of the RAA and Rcp versus Npart for prompt
D0 mesons in Pb+Pb 2.76 ATeV collisions, D0’s with mean pT of 5.75, 9, 15.5, 30, 49,
61.5 GeV are plotted. In the presence of sQGMP, its effects will be more significant
in peripheral A+A collisions than in central A+A collisions. Therefore compared with
energy loss models without monopoles, the CUJET3.0 should predict a more gentle slope























































Figure 6.2: Comparison between CUJET3.0 predictions of RAA(pT ) and Rcp(pT ) for
prompt D0 at Pb+Pb 2.76 ATeV 0-10%, 0-20%, 0-100% collisions.
For a fixed Npart, as pT increases, which is more clearly shown in Fig. 6.2, the gen-
eral feature that the slope of RAA(pT ) being larger than Rcp(pT ) at large pT appears.
What would be interesting is to consider the quantity (dRAA/dpT )/(dRcp/dpT ), where
the monopole effects can get enhanced in magnitude, it will be smaller for CUJET3.0
than for other energy loss models with only color electric degrees of freedom.
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6.2 Heavy flavor sector
Let us move to compare the energy loss of charm, beauty and heavy flavor decay electrons
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Figure 6.3: Predictions of prompt D meson and B meson RAA(pT ) and v2(pT ) from
CUJET3.0 at Au+Au 200 AGeV and Pb+Pb 2.76 ATeV 20-30% collisions.
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and B meson’s RAA(pT ) and v2(pT ) in semi-peripheral 20-30% A+A collisions at RHIC
and LHC energies. For RAA(pT ), the LHC results at relative low pT are well constrained
by data. One sees that RDAA(pT ) and R
B
AA(pT ) becomes comparable at approximately
the same pT ∼ 30 GeV at both RHIC and the LHC. Generally speaking, the existence
of monopoles will enhance the energy loss ratio between D and B at fixed pT , therefore
bringing down the pT at which R
D
AA(pT ) and R
B
AA(pT ) intersect.
For v2(pT ), an interesting observation is that v
D
2 (pT ) and v
B
2 (pT ) intersect at approxi-
mately the same pT as R
D
AA(pT ) and R
B
AA(pT ) at both RHIC and the LHC. v
B
2 (pT ) has a
maximum at pT ∼ 20 GeV at the LHC.
To gain more insights about the relative energy loss between D and B, one can plot their




AA(pT )→ 1 at around
the same pT ∼ 30 GeV at RHIC and the LHC, this confirms our previous observation.
Since this ratio is more sensitive to specific jet-medium interaction mechanisms than the
RAA’s alone, it can serve as a good quantitative constraint on the energy loss models.
For comparisons, the partonic charm/bottom quark RcAA(pT )/R
b
AA(pT ) ratios at RHIC
and the LHC are also plotted in this figure. The larger RDAA(pT )/R
B
AA(pT ) compared to
RcAA(pT )/R
b
AA(pT ) suggests a harder fragmentation for b than c.
Fig. 6.5 shows the CUJET3.0 predictions of RAA(pT ) and v2(pT ) for electrons from
different heavy flavor decay channels. They provide rich quantitative information about
the heavy quark energy loss in the presence of emergent magnetic monopoles. A notable
feature is that while the inclusive HF electrons have lower RAA’s than the semi-exclusive
ones, their v2’s are relatively larger.
The fundamental differences between the jet quenching mechanism in the HTL QGP
and the sQGMP can be studied from comparisons of CUJET2.0 and CUJET3.0’sRAA(pT ).
This is shown in Fig. 6.6. One first notices that the CUJET2.0’s v2 is inconsistent with
experimental measurements. Therefore only CUJET3.0’s v2(pT )’s are suitable for com-
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Figure 6.4: CUJET3.0 predictions of the charm/bottom quark’s RcAA(pT )/R
b
AA(pT ) and
D/B meson’s RDAA(pT )/R
B
AA(pT ) at RHIC and LHC semi-peripheral collisions.
parisons with data.
Let us focus on comparing the RAA(pT ) of CUJET3.0 and CUJET2.0 for different
flavors. Note that the parameters in these two models are all constrained using the
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Figure 6.5: The RAA(pT ) and v2(pT ) for electrons from different heavy flavor decay
channels at RHIC and the LHC computed in CUJET3.0.
same LHC reference Rh
±
AA at pT ∼ 12.5 GeV. Focusing on light hadrons, because of the
emergent monopoles, it is clear that the sQGMP generates a stronger quenching effect
than the HTL QGP and hence leads to a smaller RAA. In fact, this stronger suppression
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Figure 6.6: Comparisons of CUJET3.0 and CUJET2.0’s Rπ,D,BAA (pT ) and v
π,D,B
2 (pT ) at
RHIC and LHC 20-30% collisions.
because of monopoles extends to extremely high pT at both RHIC and the LHC, this
suggests a universal influence of monopoles on the hard parton scattering regardless of
its virtuality, i.e. q̂ will get modified by emergent CMM regardless of the initial energy of
the jet.
For open heavy flavor D and B, they also get suppressed more in the presence of
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intersect are universally smaller. To gain insights from this and to perform more quan-
titative tests for the sQGMP, the comparison between the joint π, D, B χ2/d.o.f. in
CUJET3.0 and in other HTL QGP based energy loss models can serve as a good indica-
tor.
6.3 RpA in CUJET3.0 assuming a small QGP droplet
The recent studies of collective signatures in high multiplicity p + p and p + A collisions
has stimulated broad discussions about the size of the smallest droplet of QGP [381–383].
If a hot deconfined plasma does form in such a small colliding systems, regardless of its
size, jet quenching effects must be present and hard parton transport properties in such
a medium must be consistent with the “perfect fluidity” of the QGP1.
To explore this question, one can gain insights from the comparison between very
peripheral A+A collisions and the p+A collision systems with comparable multiplicities.
For this reason, let us apply CUJET3.0 to study the charged particle Rh
±
PbPb,pPb(pT ) in
the two configurations, the result is plotted in Fig. 6.7. Note that the bulk hydro evo-
lution profiles at both collisions are generated via the iEBE-VISHNU simulations from
the McGill group that fits the low pT particle spectra [384]. It has MC-Glauber initial
conditions, lattice s95p-v0-PCE165 EOS, η/s = 0.08 for T > 180 MeV, and the dS/dy
is 12.9-16.9 for pPb 0-1%, 0.2-42.8 for PbPb 50-100%, 266.3-418.2 for PbPb 0-10%2, a
typical event is plotted in the right panel of Fig. 6.7. It has an explosive profile that has
strong transverse expansions (even forms a nutshell like shape at later time).
One sees that in central p+Pb collisions one has a smaller multiplicity than peripheral
1Although the quenching effect may be small on length scales less than 1 fm.
2A complete list of (dS/dy,Nminpart–N
max
part ) from the McGill viscous hydro simulations: pPb 0.1% (16.9,
6-27), pPb 1% (12.9, 6-26), pPb 99% (16.9, 2-7), PbPb 0.1% (418.2, 374-414), PbPb 10% (266.3, 250-375),
PbPb 50% (42.8, 37-112), PbPb 99% (0.17, 2-10).
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Figure 6.7: Left: The CUJET3.0’s RpPb(pT > 5 GeV) vs RPbPb(pT > 5 GeV) results
at different centralities assuming the medium is thermalized in high multiplicity
p+A collisions. Right: Color contour plot for the space-time evolution of the Knudsen







Pb + Pb collisions, its suppression factor is anomalously smaller, this suggest if there is
QGP formation in p+Pb collisions, it must possess a extremely high temperature profile
upon thermalization, and be followed by strong explosions. Note that RpPb never reaches 1
because in a hot deconfined QGP the consistency between jet transport and shear viscous
transport within CUJET3.0 is strictly obeyed, i.e. q̂/T 3 ∼ (η/s)−1 6= 0.
Of course in such small colliding systems cold nuclear matter effects may dominate
and cancel out the suppression coming from the QGP droplet. The competition between
initial and final state interactions in such systems will require further studies.
Moving on to flavor tomography, RdAu,HeAu,AuAu,pPb,PbPb(pT > 5 GeV) of π
0, h±,
Prompt D, B or non-prompt J/ψ, heavy flavor decay e− are plotted in Fig. 6.8. The
nuclear suppression factor in 0−100% & 50−100% centrality Au+Au √sNN = 200 GeV &
Pb+Pb
√
sNN = 2.76 TeV collisions are compared with 0−100% centrality d+Au
√
sNN =
200 GeV, He+ Au
√
sNN = 200 GeV, p+ Pb
√
sNN = 5.02 TeV collisions. At very high
241
CHAPTER 6. MORE RESULTS FROM CUJET3.0







d+Au 200GeV 0-100% π0
He+Au 200GeV 0-100% π0
p+Pb 5.02TeV 0-100% h±
pp@ 2.76TeV (Solid), 5.5TeV (Dashed)
(a)































pp@ 2.76TeV (Solid), 5.5TeV (Dashed)
(b)




























pp@ 2.76TeV (Solid), 5.5TeV (Dashed)
(c)




























pp@ 2.76TeV (Solid), 5.5TeV (Dashed)
(d)



















Figure 6.8: The CUJET3.0’s RdAu,HeAu,AuAu,pPb,PbPb(pT > 5 GeV) results for π
0, h±,
Prompt D, B or non-prompt J/ψ, heavy flavor decay e− at different centralities assuming
the medium is thermalized in high multiplicity p+A collisions.
pT , RpA ∼ 1.
The way RpA is calculated is as follows: in the code, pp spectra at 2.76 TeV are used;
one gets normalized AA spectra after the run has completed; the two are compared and
∆E/E vs E for different flavors are extracted; one then plugs in pp spectra at 5.5 TeV
and gets the RpA. Note that through doing so the energy loss mechanism ∆E/E vs E is
physical for a certain incoming jet with initial energy E, only the suppression factors will
be shifted because of different pp references.
Fig. 6.9 shows the results of CUJET2.0 and CUJET3.0’s RdAu,HeAu,pPb(pT > 5 GeV)
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π0/h±: CUJET3.0 vs CUJET2.0
d+Au 200GeV 0-100% π0
He+Au 200GeV 0-100% π0
p+Pb 5.02TeV 0-100% h± w/ pp 2.76TeV
p+Pb 5.02TeV 0-100% h± w/ pp 5.50TeV
Solid: CUJET3.0 [pQCD+sQGMP] αc=0.6 cm=0.33
Dashed: CUJET2.0 [pQCD+HTL] αmax=0.35 fE=1 fM=0
(a)



















Prompt D: CUJET3.0 vs CUJET2.0
d+Au 200GeV 0-100%
He+Au 200GeV 0-100%
p+Pb 5.02TeV 0-100% w/ pp 2.76TeV
p+Pb 5.02TeV 0-100% w/ pp 5.50TeV
Solid: CUJET3.0 [pQCD+sQGMP] αc=0.6 cm=0.33
Dashed: CUJET2.0 [pQCD+HTL] αmax=0.35 fE=1 fM=0
(b)
















B or non-prompt J/ψ: CUJET3.0 vs CUJET2.0
d+Au 200GeV 0-100%
He+Au 200GeV 0-100%
p+Pb 5.02TeV 0-100% w/ pp 2.76TeV
p+Pb 5.02TeV 0-100% w/ pp 5.50TeV
Solid: CUJET3.0 [pQCD+sQGMP] αc=0.6 cm=0.33
Dashed: CUJET2.0 [pQCD+HTL] αmax=0.35 fE=1 fM=0
(c)
















HF e-: CUJET3.0 vs CUJET2.0
d+Au 200GeV 0-100%
He+Au 200GeV 0-100%
p+Pb 5.02TeV 0-100% w/ pp 2.76TeV
p+Pb 5.02TeV 0-100% w/ pp 5.50TeV
Solid: CUJET3.0 [pQCD+sQGMP] αc=0.6 cm=0.33
Dashed: CUJET2.0 [pQCD+HTL] αmax=0.35 fE=1 fM=0
(d)

















Figure 6.9: Comparison between CUJET3.0 and CUJET2.0’s results of
RdAu,HeAu,pPb(pT > 5 GeV) of π
0, h±, Prompt D, B or non-prompt J/ψ, heavy flavor
decay e− at different centralities assuming the medium is thermalized in high mul-
tiplicity p+A collisions.
200 GeV, He + Au
√
sNN = 200 GeV, p + Pb
√
sNN = 5.02 TeV collisions all have 0 −
100% centrality. For CUJET3.0, (αc, cm) = (0.6, 0.33); for CUJET2.0, (αmax, fE, fM) =
(0.35, 1, 0).
The rising of CUJET3.0’s RpA(pT ) is slower than CUJET2.0’s as expected from the
strong scattering because of emergent chromo-magnetic monopoles. In principle, if there is
no jet quenching hence no formation of QGP in pA, then the CUJET3.0 and CUJET2.0’s
results should not differ from each other. Again this effect may be smeared out by cold
nuclear matter effects and more careful considerations are required.
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h±: p+Pb 5.02TeV vs Pb+Pb 2.76TeV
pp@ 2.76TeV (solid), 5.50TeV (dashed)
CUJET3.0 [pQCD+sQGMP] αc=0.6 cm=0.33





















Figure 6.10: The CUJET3.0 and CUJET2.0’s results of vh
±
2 (pT > 5 GeV) assuming
the medium is thermalized in high multiplicity p+A collisions compared with v2
in some A+A collisions.
6.4 Single particle v2 in p+A collisions
Even if cold nuclear matter effects in p+A reactions may suppress the visibility of hot
QGP effects in RAA at high pT , for generating azimuthal anisotropies, in particular v2 at
high pT > 10 GeV, the latter may be dominating.
For this reason it is interesting to study the single particle azimuthal elliptic anisotropy
v2 within the CUJET3.0 as well as the CUJET2.0 model, because the azimuthally aver-
aged absolute magnitude of the particle spectrum will be factored out.
Fig. 6.10 shows the results of CUJET2.0 and CUJET3.0’s vh
±
2 (pT > 5 GeV) in
p + Pb
√
sNN = 5.02 TeV collisions with 0 − 1% centrality compared with the v2 in
Pb+Pb
√
sNN = 2.76 TeV collisions with 0− 10%, 20− 30%, 0− 100% centrality. Com-
plications may come about because the iEBE-VISHNU hydro backgrounds implemented
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MC-Glauber initial conditions that may somehow exaggerate the size of the medium. If
one ignores these technical details and focuses on the results alone, one can gain interesting
observations.
First of all, the high pT v2 in p+Pb collisions is significant. It reaches the magnitude
of v2 in Pb+Pb 20-30% collisions at pT ∼ 10 GeV and fall off to the value of v2 in Pb+Pb
0-10% collisions and stays comparable with it until pT ∼ 60 GeV. Such a large v2 can
easily be proved or disproved by measurements at the LHC.
Secondly, compared to non-central A+A collisions whose v2 is non-zero at pT ∼ 100
GeV, the 0-1% p+Pb v2 does go to zero at such a high pT . Assuming that high pT leading
hadrons are initially produced mostly at the edge of the fireball, the phenomenon can be
understood if the transverse expansion in p+Pb is so explosive that it is more isotropic
than the A+A case, and the momentum anisotropy of outer shells is smaller than inner
ones.
Lastly, compare the CUJET3.0 and CUJET2.0 result, in the presence of emergent
chromo-magnetic monopoles, for p+ Pb 0-1% collisions, the v2 in the former gets signifi-
cantly boosted compared with the latter. Recall that in Pb+Pb collisions, the CUJET2.0
20-30% v2 (c.f. Section 3.4) has approximately the same magnitude as the CUJET3.0
0-10% v2, one thus see that the enhancement in high pT v2 because of the sQGMP is ap-
proximately the same in p+ Pb 5.02 TeV 0-1% collisions as in Pb+ Pb 2.76 TeV 20-30%
collisions. The more explosive expansion in p+ Pb collisions is one of the contributors to
this phenomenon.
6.5 Conclusions
In this chapter, we have provided predictions of high pT RAA,pA and v2 for light hadrons,
open heavy flavors and heavy flavor decay electrons from the CUJET3.0 model that
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can be systematically tested by future or ongoing measurements at RHIC and the LHC.
Differences between the CUJET3.0 and CUJET2.0 results provide additional checkpoints
for examining the existence of semi-Quark-Gluon-Monopole Plasmas in the near Tc regime
through jet quenching studied in ultra-relativistic nucleus-nucleus collisions.
Although more careful considerations for the suppression factors in high multiplic-
ity p+A collisions are required because of cold nuclear matter effects, a non-zero/zero
high pT azimuthal anisotropy v2 in such systems can be a powerful indicator of the ex-
istence/nonexistence of hot deconfined QGP droplets in these p+A reactions. What is
more, the magnitude of high pT v2 in high multiplicity p+A events can be an exclusive
determinant of emergent chromo-magnetic monopoles in near-critical QGPs.
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In the first part of this thesis, a perturbative QCD (pQCD) based azimuthal jet flavor
tomography model, CUJET2.0 (Chapter 3), is developed. This development follows the
objectives of the US Department of Energy Topical JET Collaboration [228] to design
quantitative tools to analyze jet probes at RHIC and the LHC. CUJET2.0 features dy-
namical running coupling DGLV opacity series (Section 2.3 and 3.1.1) coupled with QGP
bulk data constrained viscous hydrodynamical backgrounds (Section 3.1.3). Within the
CUJET2.0 framework:
1. A solution to the “heavy quark energy loss puzzle” at RHIC, i.e. the anomalously
strong suppression of heavy flavor decay electrons observed in central Au+Au colli-
sions, is derived, through considerations of dynamical QCD medium effects, realis-
tic geometric fluctuations, elastic scatterings, and energy loss fluctuations. (Section
3.2.1).
2. An explanation to the “surprising transparency of the QGP” at the LHC, i.e. the jet
opacity scales weaker than linearly with the medium density, is gained, through con-
siderations of multi-scale running strong couplings in the DGLV opacity expansion
theory. (Section 3.2.2).
3. The jet transport coefficient q̂, a critical parameter that characterizes the mean
transverse momentum transfer squared per unit length for hard partons traversing
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the hot deconfined QGP, is calculated from CUJET2.0. Utilizing this information
and those from 4 other pQCD based models in the JET Collaboration fitting to
the same set of experimental hadron suppression factors at RHIC and LHC central
A+A collisions, the value of q̂ is determined to an unprecedented accuracy. (Section
3.3).
4. A universal “high pT v2 puzzle” exists in pQCD based energy loss models, i.e.
the high transverse momentum pT light hadrons and open heavy flavors azimuthal
elliptic anisotropy v2 (c.f. Section 1.2.3 and 3.4.1) will be underestimated by ∼ 50%
after one has constrained all parameters with the nuclear modification factor RAA
(c.f. Section 1.2.6) data. It is found within CUJET2.0 that if one allows the path
averaged coupling strength 〈αs〉P to be enhanced by 10% from in reaction plane
to out-of reaction plane paths, one can get a 100% boost in the high pT hadrons
v2, bringing theoretical results to be in line with data. This extreme sensitivity of
v2(pT > 10 GeV/c) on 〈αs〉P suggests the jet-medium interaction has a non-trivial
dependence on local QGP temperature that originates from nonperturbative aspects
of QCD. (Section 3.4).
One qualitative solution to the “high pT v2 puzzle” suggests an enhanced jet-medium
coupling in the nonperturbative regime near the critical transition temperature Tc (Section
3.4.4). Such an enhancement can naturally rise from a “magnetic scenario of the strongly-
coupled QGP” (Chapter 4). This magnetic scenario however does not take into account
the effects of the Polyakov loop in the presence of non-trivial holonomy that result in
“semi-QGP” suppressions (Section 4.4 and 5.1.2).
To explore the full nonperturbative chromo-electric and chromo-magnetic structure
of the “perfect fluid” like QGP near Tc, in the second part of this thesis, a microscopic
semi-Quark-Gluon-Monopole Plasma (sQGMP) model, that includes Polyakov loop sup-
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pressed semi-QGP chromo-electric charges (Section 5.1.2) and emergent chromo-magnetic
monopoles (Section 5.1.3), is built and implemented in generalized CUJET2.0 (Section
5.1.4). This lead to a new CUJET3.0 jet quenching framework that quantitatively incor-
porates both perturbative and nonperturbative aspects of QCD (Section 5.1). It is found
within the CUJET3.0 framework that:
1. After fixing (1) the value of the QCD running coupling αc at low Q < Tc and (2)
the ratio cm = gµE/µM of nonperturbative electric to magnetic screening scales
by fitting reference RchPbPb data at the LHC, the CUJET3.0 results are in perfect
agreements with all available RHIC and the LHC data on RhAA(pT ) and v
h
2 (pT ) for
h = π,D,B simultaneously. CUJET3.0 therefore solves the “high pT v2 puzzle”.
(Section 5.2.1).
2. The emergent chromo-magnetic degrees of freedom in the sQGMP model near Tc
lead to a broad maximum of the scaled jet quenching parameter q̂(E, T )/T 3 between
(1− 2)Tc within CUJET3.0. It smoothly bridges the N = 4 SYM limit close to Tc
and the pQCD limit at high temperature. (Section 5.2.2).
3. Most remarkably, by extrapolating the CUJET3.0’s q̂(E, T ) down to thermal en-
ergy E ∼ 3T scales, one finds the shear viscosity to entropy density ratio η/s ∼
T 3/q̂ ∼ 1/4π to be near the unitarity bound in the T ∼ (1 − 2)Tc critical transi-
tion temperature range. This is consistent with viscous hydrodynamic fits to bulk
azimuthal harmonics vn at pT < 2 GeV/c. It indicates that CUJET3.0 provides a
novel quantitative connection between the long distance bulk “perfect fluidity” of
the QGP and the short distance jet transport in the QGP. (Section 5.2.3).
To apply CUJET3.0 to perform quantitative analysis of both perturbative and nonper-
turbative properties of the QGP, and more fundamentally color confinement/deconfinement
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transition using jet probes, key theoretical uncertainties in this framework must be inves-
tigated. They come from different interpretations of the lattice QCD data on the color
electric and magnetic components in the nonperturbative regime. Among them the de-
confinement transition rate rd ≡ dχT/dT and the electric (E) and magnetic (M) screening
mass µE,M near Tc are most critical ones. (Section 5.1.5).
After CUJET3.0 model parameters are constrained by data of high pT light hadrons
(LH) RAA and relevant lattice calculations, it is found that: (1) µE−µM near Tc influences
LH v2; (2) rd influences open heavy flavors (HF) RAA; (3) rd and absolute values of µE,M
influence HF v2. On the other hand, the CUJET3.0’s q̂ and η/s are affected by rd
and µE,M differently: (a) q̂(T ) is constrained by rd(T ); (b) d(η/s)/dT is constrained by
µE(T )− µM(T ) near Tc; (c) (η/s)min is constrained by rd(T ). (Section 5.3).
In addition to all the above, findings within the CUJET3.0 jet quenching framework
also include:
1. Different relativistic corrections from viscous hydrodynamical flows which are found
not to affect either RAA or v2 for light hadrons. This is expected from the eikonal
approximation that, the number of parton-medium scatterings is fixed in any frame
once the initial jet production coordinate and the azimuthal jet propagation angle
are specified. (Section 5.5.1).
2. Among the various ingredients in CUJET3.0 that contribute toward obtaining a
quantitative description of the high pT hadrons v2 data, the emergent chromo-
magnetic monopoles play the decisive role. As long as monopoles are present in
the near Tc regime, v2 is insensitive to the detailed form of the running coupling
αs(Q
2), provided that lattice screening masses can be reasonably described. (Section
5.5.2).
3. It is reassuring from the energy loss’s path length L dependence that both CU-
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JET3.0 and CUJET2.0 converge to the pQCD/elastic limit at high temperatures
T & 400 MeV. However as T drops, starting from T ∼ 300 MeV, chromo-magnetic
monopoles gradually dominate the medium. Consequently the CUJET3.0’s energy
loss dependence on L starts to deviate from pQCD/elastic toward the AdS/CFT-like
strong coupling limit. (Section 5.4.1).
4. It is noteworthy that the “dead cone” suppression is not altered by the nonpertur-
bative sQGMP near Tc. It is also found that the modification on the L dependence
of light and heavy quark energy loss caused by the transition from high-T QGP to
near-Tc sQGMP are similar. (Section 5.4.2).
5. Remarkably different q̂(T ) dependence could be consistent with the same RAA data.
This demonstrates clearly the inadequacy of focusing on the jet path averaged quan-
tity 〈q̂〉 as the only relevant medium property to characterize jet energy loss. Evi-
dently while the 〈q̂〉 captures the important transverse “kick” factor, there are other
essential factors like the actual chromo-electric and chromo-magnetic composition
of the plasma, the screening masses and the running couplings at multiple scales
which all strongly influence jet energy loss and imprint their effects beyond just in
the 〈q̂〉 . It is of significant interest and importance to thoroughly exploit these
multiple facets of jet physics and the opportunities they offer for progressing toward
an ultimate understanding of the microscopic make-up of the sQGP. (Section 5.3.3).
With detailed investigations of jet quenching in the sQGMP, one sees that the phe-
nomenological consequences for both hard and soft probes in heavy ion collisions, stay
very robust with respect to important systematic theoretical uncertainties. The phe-
nomenological success includes simultaneous descriptions of all available high pT RAA and
v2 data at both RHIC and the LHC, as well as providing an intuitive dynamical mech-
anism that explains how the shear viscosity to entropy density ratio could approach the
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1/4π unitarity bound in the vicinity of Tc as required to explain the bulk low pT < 2
GeV long wavelength “perfect fluidity”. CUJET3.0 therefore provides a first model that
consistently accounts for both short and long distance transport properties of the new
state of QCD matter discovered in high energy nuclear collisions at RHIC and the LHC.
(Section 5.6).
Predictions from CUJET3.0 are also made (Chapter 6), including: the centrality de-
pendence of RAA and Rcp for prompt D mesons; systematic results of the suppression
of charm, beauty and heavy flavor decay electrons in A+A collisions; and possible jet
quenching effects in proton-nucleus collisions. They can all be tested by RHIC and LHC
measurements in the future. If these are verified, CUJET3.0 will be a robust framework
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Appendix A
Statistical mechanics & relativistic
hydrodynamics
In this appendix some basic results from statistical physics that are useful in the course of
this thesis will be derived. The basics of relativistic hydrodynamics will also be discussed.
A.1 Basic results from statistical physics
The massless ideal gas limit (StefanBoltzmann limit) for fermions and bosons is a useful
reference of quark-gluon plasmas at high temperature. This section will be concentrated
on deducing its energy and particle number density.
Denote by n± the particle number density of an ideal, massless, Bosonic (−)/Fermionic
















T 3 , nFD = g+
3ζ(3)
4π2
T 3 , (A.3)
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T 4 , εFD = g+
7π2
240
T 4 . (A.4)
As discussed in Section 1.1.2 and indicated by Eq. (1.14), for gluons, the degeneracy factor
g− = 2(N
2










(16 + 10.5Nf )T
4 .
(A.5)
Note that non-vanishing chemical potential µ will lead to additional terms in (A.5) (more
details can be found in e.g. [385]).
A.2 Basics of relativistic hydrodynamics
In this section some basic concepts in relativistic hydrodynamics will be outlined as a
supplementary to Section 3.1.3. For reviews of relativistic hydrodynamics and the appli-
cations to relativistic heavy ion collisions, one can refer to e.g. [118] and [386].
Generally speaking, hydrodynamics is a classical theory that is applicable in the limit
of low frequency and long wavelength1. The equations of motion controlling the evo-
lution of hydro fields include the conservation of energy and momentum as well as the
conservation of various transport currents Jµ:
∂µT
µν = 0 , ∂µJ
µ = 0 . (A.6)
Where Tµν is the energy-momentum tensor. For isotropic ideal fluids in the local rest
frame,
T µνideal = diag(ε, p, p, p) . (A.7)
The ε and p are the energy density and pressure respectively. Here the four-velocity
uµ = dxµ/dτ , and it is constrained by u2 = uµuµ = 1. In a general Lorentz frame, one
can construct T µνideal from available scalars (ε, p), vectors (u
µ) and tensors (the metric gµν),
1Hydro fields are expectation values of quantum operators.
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and enforce that T µνideal being symmetric and reducing back to Eq. (A.7) in the local rest
frame:
T µνideal = (ε+ p)u
µuν − pgµν . (A.8)
For non-ideal (-perfect) fluid, dissipative (viscous) effects are present, a viscous stress
tensor Πµν must be added to Eq. (A.8):
T µν = T µνideal + Π
µν . (A.9)
One can reorder Eq. (A.9) and view it as a gradient expansion in uµ such that T µνideal
contains no velocity gradients and Πµν contains them all. In this way, if one is only
interested in the dynamics of the system at length/time scales greater than those set by
the gradients in Πµν , the Πµν term can be dropped and the ideal fluid limit is restored.
The applicability of hydrodynamics in time is regulated by the isotropization scale τiso and
the thermalization scale τeq: after the former time, T
µν becomes diagonal in the rest frame
(Eq. (A.7)); after the latter time, there is no more entropy being produced. In a conformal
fluid, the trace of T µν vanishes, i.e. T µµ = 0. According to Eq. (A.8), this implies that
ε = 3p, one thus arrives at the simplest equation of state (EOS) for ideal fluids. Of course
more realistic EOS can be calculated using lattice QCD (cf. e.g. Fig. 1.3). The EOS and
the initial ε distribution constitute the major inputs for hydrodynamical simulations.
By allowing first order gradients in Πµν , first order dissipative effects are introduced
to the ideal fluid. This limit is called the first order dissipative hydrodynamics. The form
of the first order Navier-Stokes Πµν is
Πµν = 2ησµν + ζ∆µν∇ · u , (A.10)
where ∆µν = gµν − uµuν , ∇µ ≡ ∆µν∂ν ∇µ, σµν ≡ ∇〈µuν〉. In (A.10), η and ζ are the
shear and bulk viscosity respectively. For a conformal fluid, Πµµ = 0 hence ζ = 0, but η is
not necessarily zero (since σµν is traceless). For a complete set of equations of motion, in
addition to the constitutive relations Eq. (A.6), thermodynamic relations are needed. In
all of them, η and ζ appear in the form of η/s and ζ/s, where s is the entropy density. This
is the reason why η/s and ζ/s are key transport variables governing the hydrodynamical
evolution of quark-gluon plasmas rather than the η and ζ themselves. More details about
the discussions in this section can be found in [386].
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Simple modeling of QGP
In this appendix a simple model for the profile of the quark-gluon plasma (QGP) in heavy-
ion collisions will be developed. Specifically, the initial transverse profile of the QGP (the
Glauber model) and its subsequent spacetime evolution (the Bjorken expansion) will be
studied.
B.1 The Glauber model
The Glauber model [99] is a simple framework to account for the initial conditions for the
quark-gluon plasma created in relativistic heavy-ion collisions For reviews, one can refer
to e.g. [387] and [385]. The Glauber model is of optical type or Monte Carlo type, the
former assumes a continuous distribution for nucleons in the colliding nuclei thus simple
and analytical formulae are possible, the latter considers collisions event-by-event and the
positions of nucleons are sampled according to certain distributions. This section will
concentrate on the former.
To begin, the density profile of a nucleus with mass number A is described by Woods-
Saxon parametrization [388]:
ρA(~r ≡ (z,x)) =
NA
1 + exp {(|~r| −R)/a}
. (B.1)
Where R ≈ 1.1A1/3 fm is the mean radius of the nucleus, a is the surface thickness for
which the standard choice is a = 0.535 fm. ρA(~r) is normalized to mass number A. The
thickness function, that gives the number of nucleons per unit area in the plane transverse
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to the beam axis, of the nucleus A is defined as
TA(x) =
∫
dz ρA(z,x) . (B.2)
Considering a collision where nucleus A and B collide with impact parameter b (a
vector in the transverse plane) in the high energy limit, diffractive and elastic processes can
be neglected, nucleon trajectories are eikonal and distributions in the nuclei are smooth.
The initial jet production probability is distributed according to the number density of
binary collisions that is given by





Where σin is the inelastic nucleon-nucleon scattering cross section.
For the distribution of participants in such a collision, one needs to find the number
of wounded nucleons per unit area that is given by TA×PB (+TB ×PA), where PB is the








−→ 1− exp (−σinTB) . (B.4)
The limit is taken as B → ∞. Following this, the Glauber participant nucleon density
profile is given by












where σin is the inelastic nucleon-nucleon cross section. The A,R, a, σin parameters chosen
for Au+Au (RHIC) and Pb+Pb (LHC) collisions in Eq. (B.1)(B.3)(B.5) are listed in
Table B.1.
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A R (fm) a (fm) σin (mb)
Au 197 6.37 0.535 42
Pb 207 6.48 0.535 63
Table B.1: Woods-Saxon parameters used in CUJET. A is the mass number of the
nucleus, R is the nuclear radius, a is the surface thickness and σin is the inelastic nucleon-
nucleon cross section.
B.2 The Bjorken expansion
The evolution of the QGP temperature in spacetime can be modeled using a simple
phenomenological Bjorken expansion [97]. The Bjorken model assumes that the system is
thermalized rapidly after the initial collision, and the macroscopic quantities such as the
energy density ε and pressure p, are longitudinally boost invariant in the hydrodynamical
evolution1.
A convenient set of coordinates can be chosen, consisting of the spacetime rapidity y











t2 − z2 . (B.6)
Boost invariance suggests that ε and p are functions of proper time only, i.e. ε(τ) and p(τ).
Assuming the system is homogeneous in the transverse plane and neglecting transverse
expansions, it is convenient to solve the Euler’s equation (A.6) for the energy-momentum
tensor,
∇̃µT µν = 0 , (B.7)
in the y − τ coordinates, i.e. x̃µ = (τ, y,x). From Eq. (B.6) one can easily get the
transformation matrix Mµν = ∂x̃
µ/∂xν , where xµ = (t, z,x), and subsequently, one can
get the metric and the four-velocity:
ũµ = (1, 0, 0, 0) ,
g̃µν = diag(1,−1,−1,−1/τ 2) ,
(B.8)
1This approximation is valid at high energies in the mid-rapidity regime, because longitudinal boosts
that are much smaller than the beam energy do not affect the results (since boosts are additive in rapidity).
This invariance can be interpreted as the evolution of the system looks the same in all reference frames
near the center-of-mass frame.
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, Γτyy = τ . (B.9)
The energy momentum tensor is















= 0 . (B.11)
On the other hand, one knows that for a system with constant volume, dε = Tds, where






= 0 . (B.12)
It has a simple solution,
s(τ)τ = const. (B.13)











where T (τ) is the temperature. At constant volume, s = dp/dT (since ε + p = Ts and






















The speed of sound for QCD matter at finite temperature can be computed from lattice
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QCD. This information is contained in the trace anomaly of the energy-momentum tensor
(cf. e.g. Fig. 1.14), i.e.
Θ(T ) ≡ T µµ = ε− 3p = T
dp
dT






Once c2s(T ) is known, Eq. (B.16) can be solved to get T (τ). If in some regime one can
approximate the speed of sound to be a constant, i.e. c2s(T ) = c
2
s, then Eq. (B.16) can
solved analytically:





On the other hand, Eq. (B.11) becomes
dε
dτ




If the system is scale-invariant (conformal), then ε ∝ T 4 ∝ τ−4c2s . Substitute this relation
into Eq. (B.19), one gets c2s = 1/3. This gives one the temperature evolution that is
referred to as the “Bjorken expansion”:
T (τ) ∝ τ−1/3 . (B.20)
B.3 The relation to experimental observables
In this section the thermodynamic quantities from early times in the evolution of the
quark-gluon plasma (QGP) phase will be related to the quantities that are observable
in the experiments. For a massless ideal gas, p = ε/3 and s = 4ε
3T
. Denote by ξ the
proportionality factor between s and n, i.e.
s = ξn . (B.21)







Here ξQGP ≈ 3.92 for Nf = 2, and ξQGP ≈ 3.98 for Nf = 3. Nf is the number of flavors
that are considered to be part of the thermal medium, it is determined by the temperature
scale. Meanwhile, for a massless pion (boson) gas one has the degeneracy factor gπ = 3
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≈ 3.6 . (B.23)







dx⊥dy s(τ)τ , (B.24)
where h is the determinant of the spatial part of metric (B.8). Since s(τ)τ is a constant




One notices from Eq. (B.21) that S is proportional to the number of particles. At some
later time τf when the system has gone through the phase transition to a hadron gas
state, assuming that the observed particle multiplicity dN/dy is pion dominance, i.e.























τ0 nQGP(τ0,x) . (B.28)
Where f describes the non-uniform transverse density profile of the medium, it is normal-





2This is because the “soft” QGP bulk is at thermal scales. Note that the binary collision density
Eq. (B.3) determines the probability distribution of the initial hard jet production.
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Note that ξπ/ξQGP ≈ 1 for Nf = 0, 1, 2, 3.
The experimentally measured multiplicity is usually dNch/dη (cf. e.g. Fig. 1.12),
i.e. the multiplicity of charged particles with respect to the pseudorapidity (η defined
in Eq. (1.32)). One sees from Eq. (1.36) that the order O(m2π/p2) difference between y
and η is negligible at high momenta, while lower energy pions, a good estimate will be











At the center of an Nf = 3 QGP (x = 0) created in central A+A collisions (b = 0),
at the initial time τ0 = 0.6 fm/c, Eq. (B.31) gives TRHIC, Au+Au 200 A·GeV ≈ 370 MeV and
TLHC, Pb+Pb 2.76 A·TeV ≈ 470 MeV.
3It is questionable if the conformal proper time dependence of the temperature T ∝ τ−1/3 is valid
when T is close to the QCD transition temperature where the system seems highly non-conformal, as
suggested by trace anomaly (cf. e.g. Fig. 1.14). In fact, there is a simple numerical calculation shows
that the temperature evolution is very similar to ∼ τ−1/3 in this regime [168].
4To simulate the transverse expansion of the QGP, one can use a simple blast wave dilation factor







. Where R is the mean nuclear radius, the transverse velocity is usually
chosen as vT = 0.6. This dilation factor changes ρpart in Eq. (B.31): ρpart(~x⊥) → ρpart(~x⊥/rbl)/r2bl.
Besides this, a wider range of more realistic transverse expansion models are available, including viscous
RL hydro [115, 391], VISH2+1 [238, 241, 244], and others.
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Basics of finite temperature QFT
The key concept that allows the definition of a quantum field theory at T 6= 0 is switching
Minkowski to Euclidean metric via a rotation in the complex temporal plane, t→ −iτ . In
such a way the grand-canonical partition function Z can be redefined as a path-integral
over the fields and their conjugate momenta. The inverse temperature is defined as the
temporal span of the integration, i.e. τf = 1/T , while periodic boundary conditions
imposed on the fields ensure that initial and final states coincide. More details about the
discussions in this appendix can be found in [215, 394].
C.1 General formalism
In the Euclidean space, the expression of the partition function Z can be simplified if one













where L is the Lagrangian density and φ is the field of interests (φ(0,x) = φ(1/T,x)).
With a finite temporal size and periodic boundary conditions, the temporal component
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ωn =
2nπT for gluons(2n+ 1)πT for quarks . (C.3)
For a free field theory, the above is sufficient to compute explicitly the partition func-
tion, after which the desired thermodynamic quantities can be extracted. If one turns
on interactions, the Lagrangian can be split into a free and interaction part, the action
therefore becomes





d3x (L0 + LI) , (C.4)







Dφ (−SI)ne−S0 . (C.5)
Expressions for the Feynman vertices can be read off from the interaction Lagrangian,
while free propagators are obtained as functional derivatives of Z0. As a glimpse, in the








where Qµ = (ωn,q).
The interaction theory defined in Euclidean space is useful to compute static proper-
ties of the system such as thermodynamic potentials. However for dynamical quantities,
real-time Green’s functions are necessary. They can be extracted as real continuations of
their imaginary time counterparts [392], or formulated directly by choosing an appropri-
ate path for the temporal integration on the complex plane (Re t,Re τ) [393].
C.2 Hard thermal loop gluon propagator
As an application of thermal perturbation theory, results relative to the gluon propagator
at finite T will be discussed in this section. The changes resulting from the presence of a
thermal medium explain the origin of some key properties of the QGP, such as the Debye
screening mass (cf. e.g. Section 2.2.6).
The self-energy of the gluon, Π, is computed in the Hard Thermal Loop (HTL) frame-
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work developed by Pisarski [200], Braaten and Pisarski [201–205], in which the tempera-
ture T is assumed to dominate over all the other scales in the loop diagrams. Implicitly,
only contributions proportional to g2T 2 are considered. In contrast to the T = 0 theory
where the unphysical polarizations that appear in the covariant gauge are canceled by the
ghost loops, here the gluon propagator develops a longitudinal polarization in addition to
the transverse one. After analytically continuing the Green’s function to real time and











The four-momentumQµ = (ω,q). (PT,L)µν represent the usual transverse and longitudinal












































In the limit of q = 0, within the time-like region ω > q, both the longitudinal and




≡ ω2pl . (C.10)
The characteristic frequency of the plasma is then identified with ωpl. For collective modes
with soft momenta q  µD (q 6= 0), the above relation becomes:
ω2 ' ω2pl +
3
5
q2 for longitudinal modes ,
ω2 ' ω2pl +
6
5
q2 for transverse modes .
(C.11)
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For hard momenta, q  µD, one has instead
ω2 ' q2
[







ω2 ' q2 + 3
2
ω2pl for transverse .
(C.12)
One immediately sees that ωpl plays the role of an effective mass for a gluon propa-
gating in the QGP. These plasma oscillations, or quasi-particles, are called plasmons.
If one switches to the space-like region ω < q, one notices that the self-energies
Eq. (C.8) develop an imaginary part responsible for what is called Landau damping,
which is an effect related to the energy transfer between the collective modes and the
plasma constituents. Near the static limit ω  q where the field configuration can be






















For purely static fields, ω = 0, the longitudinal gluon propagator develops an effective
mass term that is equal to µD.
This is precisely the Debye mass that is responsible for the screening of the color-
electric field in the plasma. It leads to a Yukawa potential between a heavy qq̄ pair seen
in Eq. (1.16). In this limit, the transverse gluon is massless and magnetic interactions
are unscreened hence being long-range. However due to Landau damping, the magnetic
interactions become dynamically screened for finite values of ω. The transverse propagator
squared that appears in the computation of the cross section in fact takes the form








which shows that the imaginary part of the propagator acts as a frequency-dependent
infrared cutoff at momenta p ∼ (ωµ2D)1/3. The dynamical screening of the soft momenta
plays an important role in taming the singularities in the scattering processes with the
exchange of transverse gluons [215].
An equivalent approach to derive the HTL gluon self-energy using the perturbative
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expansion is given by kinetic theory as well as the solution of the coupled set of Vlasov
equations [394]. In this semi-classical approach, one considers a relativistic plasma com-
posed of charged particles whose spacetime-dependent density distribution function is
given by n±(p,x, t). The system is subject to the effects of an external source (ext) and
an induced electromagnetic field (ind):
∂µF
µν(x, t) = jνind(x, t) + j
ν
ext(x, t) , (C.15)




vµ [n+(p,x, t)− n−(p,x, t)] , (C.16){
∂
∂t
+ v · ∂
∂x
± [E(x, t) + v ×B(x, t)] · ∂
∂p
}
n±(p,x, t) = 0 . (C.17)
Here vµ = (1,v). The last equation represents the time-evolution of the distribution
n±(p,x, t). Through linearizing
n±(p,x, t) = n0(p) + δn(p,x, t) , (C.18)
(n0(p) is the density distribution in the absence of an induced field) and expressing
jµind(x, t) =
∫
d4y Πµν(x− y)Aν(y) , (C.19)
one can derive the same expressions for the gluon self-energy (Eq. (C.8)) after solving
explicitly for jµind(x, t). More details about this approach can be found in [394].
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